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ABSTRACT
IMP 6 observations of the plasma boundary layer (PBL) and magneto­
pause layer (MPL) of the earth's magnetosphere indicate that plasma in 
the low-latitude portion of the PBL is supplied primarily by direct 
transport of magnetosheath plasma across the MPL and that this transport 
process is relatively widespread over the entire sunward magnetospheric 
boundary. The region of antisunward flowing solar wind plasma located 
downstream from the earth's bow shock is called the magnetosheath. Near 
the transition between the magnetosheath and the magnetosphere is a 
region of magnetosheath-like plasma called the PBL which is located on 
field lines with a magnetospheric orientation. I define the MPL as the 
current layer (separating the magnetosheath from the PBL) through which 
the magnetic field shifts in direction. High temporal resolution (3-s 
average) data reveal that in a majority of IMP 6 magnetopause crossings, 
no distinct changes in electron density or energy spectra are observed 
at the MPL. In all IMP 6 crossings, some magnetosheath-like plasma is 
observed earthward of the MPL, which implies the existence of the PBL. 
PBL electron energy specta are often virtually indistinguishable from 
the adjacent magnetosheath spectra. Bulk plasma flow in the low- 
latitude part of the PBL as observed by IMP 6 almost always has an 
antisunward component and often has a significant cross-field component. 
This region is located in a quasi-trapping zone that contains predomi­
nantly closed field lines. The PBL thickness is highly variable and, in 
general, is much larger than the MPL thickness. A brief analysis of the 
lower hybrid drift instability indicates that it can provide substantial 
cross-field diffusion and, thus, contribute to the PBL population.
3
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4Observations suggest that significant plasma energy dissipation occurs 
in the low latitude portion of the PBL. A comparison of various theo­
retical descriptions of the solar wind-magnetosphere interaction 
illustrates the problems posed for all theoretical models. The most 
significant problems are the high spatial and temporal variations of 
plasma and field parameters observed near the magnetopause. Realistic 
models of the magnetopause interaction must (1) account for the presence 
of the PBL and (2) account for transport of magnetosheath plasma across 
the MPL.
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PREFACE
The principal objective of this thesis is the identification of the 
primary source of plasma for the plasma boundary layer (PBL) of the 
earth's magnetosphere. This objective will be pursued by a detailed 
study of IMP 6 observations of the PBL and by a comparison of these 
observations with various theories of the solar wind-magnetosphere 
interaction. This study has been motivated by several factors.
• No coordinated study of magnetic field and plasma parameters were
reported for the low-latitude sunward PBL until Eastman et al.
(1976)
• The first two basic problems posed for the international magneto­
spheric study (IMS) cannot be answered without a detailed knowledge 
of PBL characteristics. These problems are the "effect of the 
interplanetary magnetic field on topography, topology and stability 
of the magnetospheric boundary," and "the mechanisms for the entry 
of solar wind plasma into the magnetosphere" (Roederer, 1977).
• The magnetosphere is a unique laboratory for plasma physics. In
particular, trie PBL is a transition region in a medium-8, collision- 
less plasma in which the ion-to-electron temperature ratio is much 
greater than one. The parameter regime observed in the PBL is 
significant for current research in controlled thermonuclear fusion. 
As shown by recent ISEE dual satellite results (Paschmann et al.,
1978), there are significant space and time variations of the magneto­
pause layer (MPL) and PBL. Movements of the MPL often exceed the space­
craft speed, typically about 2 km/s near the MPL. Thus, a study of the 
MPL and PBL from a single satellite cannot fully separate space and time
5
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variations. To offset these limitations, this study, with its descrip­
tion of the MPL and PBL, is based on over 100 IMP 6 crossings of the 
magnetosphere's sunward surface and more than 100 additional crossings 
of the tailward extension of these boundary regions.
The people who have contributed in some way to my thesis are too 
numerous to list. This work is dedicated to my most untiring sup­
porters; my wife, Linda, and daughters, Wendi and Heather. I am deeply 
grateful to Dr. Edward W. Hones for consenting to advise me in this 
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satellite. I gratefully acknowledge the support of LASL, P Division, 
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to whom I am grateful for helpful suggestions and criticism are Drs. Dan 
Baker, Don Baker, Alex Bratenahl, Nancy Crooker, Don Fairfield, Terry
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CHAPTER 1 
INTRODUCTION
1.1 Scientific Objective and General Considerations
The principal objective of this work is to identify the primary 
source for the plasma boundary layer (PBL) of the magnetosphere by a 
detailed study of IMP 6 data collected in this boundary region and by a 
comparison of these observations with various theories of the solar 
wind-magnetosphere interaction. As shown in Figure 1.1, the PBL sepa­
rates the magnetosheath, composed of solar wind plasma that has become 
more turbulent downstream of the bow shock, from the magnetospheric 
plasma in which particle motion is controlled mainly by the geomagnetic 
field. Many confusing labels have been applied t.o the PBL because of a 
wida variety of spacecraft trajectories, data sets, and time resolution. 
Here PBL is intended as a generic term (having a neutral connotation) 
for the layer of magnetosheath-like plasma observed earthward of the 
magnetopause layer (MPL) everywhere near the magnetospheric boundary. 
Other terms applied to the PBL include plasma mantle for the high- 
latitude part, magnetotail boundary layer for the tailward part, and 
low-latitude boundary layer for the low-latitude region. Magnetospheric 
boundary layer is another generic term for the PBL. MPL denotes the 
current layer (separating the magnetosheath from the PBL) through which 
the magnetic field shifts in direction. The current layer is often 
resolved by IMP 6 with both the plasma and magnetic field data so that 
MPL is more descriptive because of the limited denotation of "pause" as 
a bounding surface.
19
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Figure 1.1 A sketch of the earth's magnetosphere showing the plasma boundary layer (PBL) and 
magnetopause layer (MPL).
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Any mass, momentum or energy transfer from the solar wind to the 
magnetosphere is accomplished by way of the MPL and PBL. The plasma 
sheet and cusp regions are in some way supplied by the PBL, and these 
regions in turn provide the source of plasma precipitation in the 
auroral ionosphere. To identify the primary source of plasma for the 
PBL a detailed description of MPL and PBL characteristics is given to 
provide an observational framework for improved theoretical descrip­
tions. At present, no adequate theoretical description exists for solar 
wind-magnetosphere interaction processes; magnetotail dynamics studies 
are limited by this lack of knowledge.
Solar plasma was treated first as a neutral ionized stream by 
Lindemann (1919) and Chapman (1923) who discussed the effect of polari­
zation charges established as this stream impacts the geomagnetic field. 
Chapman and Ferraro (1932) first noted that solar wind plasma would con­
fine the geomagnetic field on the sunward side without substantial pene­
tration beyond a current layer. During the first half of this century, 
this confinement of the geomagnetic field was considered an intermittent 
phenomenon limited to magnetic storm periods. It was not recognized 
until the discovery of the solar wind (Biermann, 1951) that the magneto­
sphere is present all the time. Although theoretical treatments of a 
current layer near the magnetospheric boundary were made as early as 
1952 by Ferraro (1952), in situ observations had to wait until the 
advent of satellite probes that could intersect the magnetopause.
Cahill and Amazeen (1963) reported the first clear identification of 
the sunward magnetopause made by a magnetometer on board the Explorer 12
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satellite. An uncertain magnetopause location was noted on at least one 
pass of IMP 1 "because the magnitude and direction of the magnetic field 
changed at different locations" (Hess, 1968). Earlier, Wolfe et al. 
(1966) noted a confusion from differences between magnetic and plasma 
magnetospheric boundaries. Freeman et al. (1968) made a more extensive 
description based on an unusual set of magnetopause crossings by the ATS 
1 synchronous satellite and stated that "a new component of ion flow was 
found immediately inside the magnetospheric boundary. This flow had 
characteristics nearly identical to the magnetosheath ion flow; the flow 
was parallel to the boundary in the downstream direction, and the total 
ion flux was nearly the same as that found across the boundary in the 
magnetosheath." They considered this magnetosheath-like flow to be the 
convective return flow envisioned by Axford and Hines (1961) in their 
closed magnetospheric model (see section 3.2.1). The first identifica­
tion and extensive discussion of plasma data of the PBL was made by 
Hones et al. (1972) based on Vela satellite observations along the 
flanks of the magnetotail. They called the observed transition region 
from the magnetosheath to the magnetosphere the "magnetotail boundary 
layer." Akasofu et al. (1973) extended this study of Vela data showing 
the PBL and included examples of crossings of both the high-latitude 
portion of the PBL bordering the tail lobe environment or extended polar 
caps region (the high-latitude boundary layer (HLBL) or plasma mantle) 
and the low-latitude boundary layer (LLBL) bordering the plasma sheet or 
outer ring current regions. Plasma and field measurements made by the 
HEOS 2 satellite made possible the first detailed description of the PBL 
in the polar magnetosphere. Rosenbauer et al. (1975) related their
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observations of the high-latitude portion of the PBL, which they termed 
the plasma mantle (or plasma coat), to the Vela observations although 
most of the Vela crossings were made through the LLBL. Following Hones 
et al. (1972), and Akasofu et al. (1973), flosenbauer et al. (1975) 
stated that "the most probable cause for the formation of the mantle is 
the dayside merging of terrestrial and interplanetary field lines."
The first detailed specification of LLBL characteristics was provided by 
Eastman et al. (1976) based on correlated plasma and field observations 
by IMP 6. These data indicated that magnetosheath plasma could cross 
the MPL and contribute to the PBL plasma. Eastman et al. (1976) 
suggested an intermixing of magnetosheath and magnetospheric plasma in 
the PBL, which has been supported recently by ISEE ion measurements 
(Haerendal et al., 1978b). In the past few years an extensive set of 
PBL observations has been reported based on HEOS 2 (Paschmann et al., 
1976; Haerendel et al., 1978a), Explorer 33 (Crooker, 1978), IMP 6 
(Eastman and Hones, 1978; Eastman and Hones, 1979), IMP 7 (Scarf et al., 
1977) and ISEE data (Paschmann et al., 1978; Russell and Elphic, 1978). 
These observations have established the generally continuous presence of 
the PBL over the entire magnetospheric surface.
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1.3 S^lact iaii_Cniteria .and Observational Limitations
This thesis will provide a detailed study of more than 30 IMP 6 
crossings of the MPL and PBL selected from more than 100 sunward 
crossings and more than 100 tailward crossings. (Most of the selected 
cases are sunward crossings.) Selection criteria were availability of 
generally complete plasma and magnetic field data, and a minimum number 
of magnetopause crossings. Crossings near the cusp region and near the 
noon meridian were also favored in this selection. For as many cases as 
possible, energetic electron (47- to 350-keV) data were obtained for 
evaluation of pitch-angle distributions. Multiple magnetopause 
crossings are evident in a few of the crossings; however, the selected 
cases clearly show the principal characteristics of the MPL and PBL.
They also show significant differences in detailed structure which is 
complicated by the presence of significant spatial and/or temporal 
variations. A single satellite such as IMP 6 cannot separate directly 
space and time variations. Multiple magnetopause crossings may be 
caused by waves propagating along the magnetopause boundary. Local 
magnetopause speeds are known to range to >30 km/s (Russell and Elphic, 
1978; Williams, 1978), so that the IMP 6 satellite, traveling about 2 
km/s near the magnetopause, can be overtaken several times by the 
current layer during a single pass. Although multiple MPL crossings are 
common, multiple sunward MPL-PBL crossings are relatively rare in the 
IMP 6 data set. Throughout this work, possible implications of large 
spatial and temporal variations should be kept in mind.
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CHAPTER 2 
OBSERVATIONS
2.1 General Considerations
In general, an experimental study of the magnetopause region is a 
case-by-case study or a statistical study. High spatial and temporal 
variations near the magnetopause limit the value of case-by-case 
studies; however, they are required for detailed information about 
physical characteristics of the boundary regions. Because of the 
observed complexity of these regions, this thesis provides both a 
case-by-case and a statistical study including correlated plasma and 
field observations. Sections 2.3 and 2.4 present a case-by-case and 
statistical study, respectively, of the MPL and PBL. This chapter is 
then followed by a review of the implications of the IMP 6 observations 
for various theoretical descriptions of the solar wind-magnetosphere 
interaction.
Observations of changes in plasma and field characteristics across 
the PBL and MPL are crucial to determining the source of PBL plasma.
The magnetopause region is a low density (< 50 cm~^), collisionless, 
medium-® plasma. 8 iS the ratio of plasma to magnetic field energy 
density. Values of magnetic induction near the MPL range from 10 to 35
_5
M l  1 = 10 gauss) and a typical ion cyclotron radius there is about 
100 km. The magnetosheath exhibits solar wind bulk flow characteris­
tics, whereas particle motion within the magnetosphere is controlled 
mainly by the geomagnetic field. The MPL and PBL represent transition 
regions between the magnetosheath and the magnetospheric plasma regimes.
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2.2 IMP 6 Trajectory and Instrumentation
IMP 6 (alternate names are Explorer 43 and IMP I) was launched into 
a highly elliptic orbit (apogee * 33 Rg» perigee $,2 1/2 Rg, and 
inclination range of 28.8 to 38°) on March 13, 1971. The satellite was 
spin stabilized with the spin axis pointing toward the south ecliptic 
pole. Figure 2.2.1 from Fairfield et al. (1973) shows solar ecliptic* 
X-Y and X-Z projections of two orbits which illustrate gradual orbital 
changes that take place in an inertial coordinate system. The orbital 
period is = 4.1 days and two magnetopause crossings occur during each 
orbit except when the apogee is deep inside the magnetotail. As the 
orbit precesses, the satellite returns in one year to sample equivalent 
positions on the magnetopause. Consequently, the IMP 6 trajectory 
eventually provided magnetopause crossings over the entire sunward 
hemisphere at low latitudes as shown in Figure 2.2.2 (which uses GSM 
coordinates**). The subsolar region is deleted because, for the few 
crossings made near the subsolar point, the plasma data were gathered in 
a mode not used for this study. Fairfield (1976) has described
•The solar ecliptic coordinate system (SE) is earth-centered with the 
X-axis along the earth-sun direction. The Z-axis is taken perpendicular 
to the ecliptic plane and is positive toward the north ecliptic pole. A 
right-hand system then defines the Y-axis which is directed duskward.
**The geocentric solar magnetospheric coordinate system (GSM) is earth- 
centered with the X-axis directed along the earth-sun direction. How­
ever, the Z-axis is now taken perpendicular to the X-axis in the plane 
defined by the X-axis and the earth’s dipole direction. With a right- 
hand system, the Y-axis is again directed duskward.
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Figure Two sample IMP 6 orbits plotted in solar ecliptic (Sl£)
coordinates.
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magnetometer data for a few crossings in the subsolar region. The IMP 6
satellite continued to supply data until 2 October 1974.
Figure 2.2.2 shows the range of magnetopause crossing locations for 
IMP 6 as well as for HEOS 2 and the ISEE satellites. IMP 6 and HEOS 2 
have complementary trajectories that result in nearly total coverage of 
the sunward magnetospheric boundary (c.f., Sckopke and Paschmann, 1978). 
ISEE 1 and ISEE 2 orbits have a smaller inclination (=27°) than the IMP 
6 orbits and they penetrate the MPL and PBL at lower latitudes.
Selected IMP 6 MPL-PBL crossings for this study are presented in 
Figure 2.2.3 in GSM coordinates. The coverage is complete except for
the subsolar region and low latitudes along the dawn side. A few cross­
ings of the cusp region were made by IMP 6 and these are discussed in 
detail by Fairfield and Hones (1978).
The Los Alamos Scientific Laboratory (LASL) electrostatic plasma 
analyzer on board IMP 6 sampled ions in the energy range 140 eV to 28.8 
keV and electrons in the range 13*3 eV to 18.1 keV. Ion and electron 
distributions were sampled with a three-degree-wide analyzer fan with a 
polar acceptance range of +45° centered about the ecliptic plane.
Plasma spectra were sampled every 3 s and a rough (four-angle) 
two-dimensional velocity distribution of both ions and electrons was 
obtained for each spacecraft rotation period (^ 12.5 s). Complete 
32-angle, 16-energy velocity distributions of ions and electrons were 
obtained approximately every 100 s. Our study also includes magnetic 
field data from the Goddard Space Flight Center (NASA/GSFC) magnetometer 
(courtesy of D. H. Fairfield) and energetic electron data obtained by
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Figure 2.2.2 Satellite coverage of the sunward magnetopause and 
plasma boundary layer (PBL) for IMP 6, HEOS 2 and the ISEE 1 and 
ISEE 2 satellite pair. ISEE coverage is given only for 
October-December, 1977.
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a RAPID CROSSING
Figure 2.2.3 The locations, in geocentric solar magnetospheric (GSM) 
coordinates, of IMP 6 magnetopause crossings selected for high time 
resolution analysis. Crossings that showed distinct changes in 
electron density or spectra (x) at the MPL are distinguished from 
crossings that showed no distinct changes (filled circle or square). 
Rapid crossings had a crossing time of 30 seconds to three minutes 
and either showed a distinct density change (x) or no distinct den­
sity change (•). Eight crossings (o) did not have a clear magneto­
pause signature.
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solid-state detectors (courtesy of C.-I. Meng, University of California, 
Berkeley).
A detailed description of IMP 6 analysis techniques and instrumenta­
tion is provided in Appendix A. The format for plasma and field data 
presentation is thoroughly described for the first example given in 
section 2.3-
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2.3 Cqgg-frY-Cagtg Study
2.3.1 Basic Data Set
Selected IMP 6 MPL-PBL crossings included in this thesis are given
in Table 2.3* Locations of these cases are marked in Figure 2.2.3.
Values of Kp and Bz (King, 1977) for the same hour and the previous
hour, respectively, are also provided for reference. The K-index is a
measure (on a logarithmic scale) of fluctuations in magnetic activity
from 0 to 9- K is the worldwide weighted average of the K-index. B 
P z
denotes an hourly average of the Z-component of the interplanetary mag­
netic field.
A detailed description is provided for several MPL-PBL crossings 
that exhibit the principal features of these boundary regions. Data for 
the remaining crossings listed in Table 2.3 are presented in Appendix B. 
Two ISEE satellite crossings are presented in section 2.3.8 for 
comparison with the IMP 6 data.
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Table 2.3.
Date
7 July 1971
22 November 1971 
16 December 1971 
28 December 1971
5 January 1972
10 January 1972 
4 February 1972
28 February 1972
4 March 1972
8 March 1972
24 March 1972
29 March 1972 
14 April 1972
I May 1972
5 May 1972
9 May 1972 
22 May 1972 
20 June 1972
22 January 1973
11 February 1973 
19 February 1973 
8 March 1973
25 March 1973
II April 1973 
14 April 1973 
1 May 1973
16 June 1973 
16 December 1973
Selected IMP 6 Crossings of the MPL and PBL
(degrees)
288, 8, 12.5 I '
109, 25, 17.2 4°
54, 58, 9 3+
106, -1, 23.9 1°
102 , 0 , 20 2
22, 58, 9 3"
78, 8, 14 3"
55, 3, 14 1+
328, 44, 11 2°
48, -10, 13.5 1°
39, -9, 11.2 --
310, 44, 10 3+
19, -23, 12.7 2°6 , -38, 10 —
284, 24, 11 1+
353, -34, 11.7 3“
354, -40, 10.9 2°
314, -39, 12 --
39, 46, 11.3 2"
80, -29, 12.5 2+
73, -11, 11.6 3+63, -32, 11 3°
55, -28, 10 5+302, 31, 8.8 —
40, -27, 11.5 2+
11, -44, 11 2"
327, -47, 11.3 2°
9 4 , 1, 16 r
33
IMF
+3.5
+4.1
- 1. 1
- .5
-6.5 
+1.4 
+3-4 
+ 1.5
+2 . 2
+0 .
- .5 
-1.5 
+ 1. 1 
+2 . 0
- .3
+5.9
+1 . 2
+0 .
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2.3.2 20 June 1972 IMP 6 Crossing
This dawn side crossing, shown in Figures 2.3.2.1 and 2.3.2.2, 
illustrates most of the characteristic MPL-PBL features. Near 0210 UT 
the magnetic field makes a clear transition from a southward directed 
magnetosheath field to a northward directed magnetospheric field. This 
transition in direction marks the magnetopause layer (MPL) or current 
layer (marked by a pair of solid vertical lines in the figures). In 
this case, a generally duskward directed magnetopause current is 
required to accompany the field direction change. It is significant 
that field magnitude or field fluctuations as well as the plasma param­
eters do not distinctly mark the MPL. Instead, the MPL is a region of 
finite thickness within which the change in magnetic field direction is 
accomplished.
The plasma boundary layer (PBL) is distinguished as the region of 
antisunward plasma flow located earthward of the MPL. Typically, the 
overall density and bulk flow velocity decrease from the MPL to the 
inner surface of the PBL (left to right in Figures 2.3.2.1 and 2.3-2.2) 
is accompanied by an increase in mean thermal energy and continued 
magnetosheath-level fluctuations of the magnetic field, given by the 
standard deviation SDg of field magnitude values. Some crossings, as in 
this case, show a continued increase of thermal energy for a brief 
interval earthward of the PBL. The plasma 8 (see bottom of Figure
2.3.2.2 for plots of energy density) usually drops to £ 1 in the inner 
part of the PBL consistent with the decay of field fluctuations. This 
is because, for low 3, the magnetic field is dominant and is not readily 
perturbed by the plasma. In the plots of plasma energy density, the
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20 JUNE 72 ^GSM = 314°- XGSM = ~ 39°' r = 12 RE
Figure 2.3.2.1 20 June 1972 plasma data.
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20 JUNE 72 0GSM = 314°, XQSM = -39°, r = 12 RE ‘
Figure 2.3.2.2 20 June 1972 plasma and field data.
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kinetic energy density is not included so that plasma 8 can be estimated 
directly from the curves for plasma and field energy density. Within 
the PBL the plasma flow directions are more variable and usually shift 
into a direction (for the ecliptic plane flow component) that is farther 
from the XGSM -axis than the direction of the nearby magnetosheath flow. 
This flow shift characteristic is much more clearly illustrated in other 
crossings to be discussed (e.g., the 1 May 1973 crossing, Figure
2.3-3.3). A slight enhancement in speed occurs near the MPL in this 
crossing (an increase of J* 100 km/s relative to the nearby magnetosheath 
flow).
The data for each IMP 6 PBL-MPL crossing are presented as pairs of 
correlated plots similar to Figures 2.3.2.1 and 2.3.2.2. Density plots 
are repeated at the top of each graph for comparison. Magnetic field 
parameters are presented in solar ecliptic (SE) coordinates unless 
otherwise noted as GSM coordinates in the figure. These plots include 
magnetic field magnitude (F) in y (= 10”  ^gauss) (dots are 0-25 Y, A for 
25-50 y ,  B for 50-75 y> etc.), longitude (PHI), latitude (THET) and 
standard deviation of the magnitude (SD) (dots are 0-10 y» A for 10-20 
Y ,  etc.). Values of magnetic field parameters are 15.36 s averages of 
80-ms time-interval data values. Positions marked by a + in the F, PHI, 
and THET plots represent nominal dipole field values. Pressure anisot­
ropy is calculated from the sampled velocity distribution as the ratio 
of maximum pressure to the pressure evaluated for the direction perpen­
dicular to the maximum pressure axis. In the PBL and nearby magneto­
sheath the anisotropy direction for ions is, in general, perpendicular
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to the magnetic field so that > Pj| (see Crooker et al., 1978). Elec­
trons often ha're no significant anisotropy. Occasionally, the electron 
anisotropy becomes significant near the PBL, although the anisotropy 
direction relative to the magnetic field varies from crossing to 
crossing.
Many crossings show a significant cross-field bulk flow component in 
the PBL. For the 20 June 1972 crossing, simultaneous bulk flow and mag­
netic field vectors are plotted in Figure 2.3*2.3 which shows the solar 
ecliptic Y-X and Y-Z projections of the magnetic field vectors. (Axes 
are illustrated at the right-hand side of Figure 2.3-2.3.) On the Y-X 
plot, bulk flow velocities are also given by vectors with arrowheads. 
Although the MPL is clearly defined, the flow vectors show no distinct 
change until the inner part of the PBL is reached. In the PBL, the 
angle between the flow vectors (effectively sampled in an ecliptic plane 
projection by the electrostatic analyzer) and the field vectors range 
from -■''145 to ^175° with an estimated angular error for the flow vectors 
of £ 5° before 0217 UT. Flow vectors shown are 100-s averages and the 
field vectors are 1.25-s averages. Error estimates for plasma and field 
parameters are discussed in Appendix A.
Detailed characteristics of magnetic field changes through the MPL 
can provide information on the type of discontinuity represented by the 
current layer (see section 3.1.2). A magnetic field hodogram that shows 
such detailed field changes is given in Figure 2.3.2.4 based on a mini­
mum variance calculation (Sonnerup and Cahill, 1967). This technique 
assumes that the magnetic field component perpendicular to the layer 
remains constant during the satellite crossing. The minimum variance
38
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Figure 2.3-2.3 20 June 1972 plasma flow and field projections plotted
from the magnetosheath (MS) to the magnetosphere (MG) earthward of 
the MPL-PBL region.
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PLANE NORMAL TO PLANE TANGENT TO
Figure 2.3.2.4 Magnetic field hodograms, field magnitude and electron density for 
the 20 June 1972 crossing of the MPL.
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analysis method is described in Appendix C. Magnetic field hodograms 
are computed in a local coordinate system in which B3 denotes the direc­
tion of minimum B (magnetic field) variance (an outward magnetopause 
normal direction). B1 denotes the direction of maximum £ variance 
(generally directed northward along the sunward magnetopause) and B2 
completes a right-hand coordinate system (thus, in general, B2 is 
directed westward along the sunward magnetopause).
The B3-B1 hodogram represents a view of the tip of the magnetic 
field vector as it moves in a plane positioned perpendicular to the 
current layer with B1 directed roughly northward and B3 directed along 
the outward normal. The normal component of the magnetic field Bn for 
this MPL crossing is not significantly different from zero. Generally, 
the mean of Bn should exceed 2-3 o to be significant. The B1-B2 
hodogram shows a view of the tip of the magnetic field vector projected 
on to a plane tangent to the MPL. This projection shows how the field 
rotates in the plane tangent to the MPL through the inner half of the 
MPL. The field magnitude in the MPL drops no less than 10 y while 
electron density values, sampled every </* 3.1 s, remain near their 
magnetosheath values through the MPL- The magnetopause normal direction 
is <t>SE = 322° and xSE = -21°, consistent with the dawn-side location of 
this crossing.
Figures 2.3.2.5 and 2.3.2.6 provide azimuthal averages of the velo­
city distribution from the magnetosheath (MS) to the magnetosphere (MG) 
for the 20 June 1972 crossing. These azimuthal averages are taken about 
the centroid of the distribution (i.e., these averages are made in the
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Figure 2.3.2.5 Azimuthal averages of the ion distribution function plotted for 
six to ten minute intervals for the 20 June 1972 crossing of the MPL-PBL region.
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
without perm
ission.
IONS
PBL 
/ 021500- \ 
I 021640/
PBL 
/ 021640- \ 
V 021820/
MG 
/022000-N 
V 022140/
log ENERGY (eV) 
ELECTRONS
Figure 2.3.2.6 Azimuthal averages of the distribute 
intervals for the 20 June 1972 crossing.
. function plotted for ~100 s
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frame of the moving plasma) and are plotted as phase space density f 
versus energy. For comparison, a "convecting Maxwellian" distribution 
function (Maxwellian distribution calculated in the moving frame of the 
plasma) is marked on the first plot of the azimuthal average of f. 
Measured velocity distributions in the magnetosheath and PBL are dis­
tinctly non-Maxwellian. Above a given energy 100 eV for electrons 
and s  500 eV for ions), the energy spectra often closely approximate a 
power law shape. Since this is a collisionless plasma environment, non- 
Maxwellian distributions can be maintained over large spatial scales 
depending on the plasma source and propagation characteristics. In the 
long time averages shown in Figure 2.3*2.5, the PBL spectra are much 
more similar to the magnetosheath spectra than they are to the magneto­
spheric spectra.
A sequence of ion and electron spectra is shown in Figure 2.3.2.6. 
These spectra show azimuthal averages of the two-dimensional ion and 
electron velocity distributions. The PBL and magnetosheath spectra are 
closely related in these 100 s averages. This spectral similarity is 
even more evident in the electron differential spectra, Figure 2.3-2.7, 
which are plotted every ^ 3*1 s in groups that cover one spin period 
each. The striking continuity in spectra observed across the MPL is 
almost always observed in the IMP 6 data. By comparison, the nearby 
magnetospheric spectra show a higher mean energy. The velocity distri­
butions and electron spectra for the 6 June 1972 crossing indicate a 
very close relationship of magnetosheath and PBL plasma.
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Figure 2.3.2.7 Electron differential spectra plotted four times every ~12.5 s at successive 
locations near the MPL for the 20 June 1972 crossing. Nearby magnetospheric spectra are also 
plotted for comparison.
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Electron density and energy spectra at * 3.1-s time resolution and 
velocity distributions show no distinctive change across the MPL.
Whereas the proton cyclotron radius is * 1^5 km in this PBL, the elec­
tron cyclotron radius is only «/* 3 km. Effective neutrality of the 
plasma is steadily enforced by the fast-moving («/< 1 Rg/s) electrons for 
any plasma in which the characteristic scale lengths are much greater 
than the Debye length, (= .01 km), which is much less than the ion 
cyclotron radius or any characteristic scale length. Thus, energy 
spectra of this quasi-neutral plasma closely reflect source populations. 
These observations indicate that a major plasma source for the PBL is
the magnetosheath and that the PBL close to the MPL is composed pri­
marily of plasma that has recently traversed the current layer.
A depletion in plasma density occurs in the magnetosheath close to 
the MPL in this crossing. Similar observations of a plasma depletion 
layer are fairly common and have been recently described by Crooker et 
al. (1978). Plasma depletion can be caused by magnetic flux tube com­
pression as the field becomes draped against the magnetopause. Observed 
anisotropy values with P^  > P|| are predicted by the flux tube
compression model of Zwan and Wolf (1976). For the 20 June 1972
crossing, enhanced ion anisotropy is present in the nearby magnetosheath 
and a distinct enhancement in electron anisotropy occurs at the MPL.
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2.3.3 The 1 May 1973 IMP 6 Crossing
This low-latitude, dusk-side crossing by IMP 6 shows a marked den­
sity decrease (Figure 2.3.3.1) at the MPL. As noted for the previous 
two crossings, the scale length for changes in the plasma parameters is 
roughly equal to the PBL thickness, whereas the current layer thickness 
is significantly smaller.
The MPL is clearly visible in the magnetic field data (Figures
2.3.3.2 and 2.3-3.3). The cross-field flow component in the PBL is sub­
stantial in this crossing with flow directions that are 90 to 150° away 
from the field direction (even accounting for the possible flow direc­
tions that could be sampled by the +45° electrostatic analyzer fan). 
Pitch-angle distributions presented in Figure 2.3-3-4 show a clear pan­
cake-shaped or loss cone distribution in the PBL, the nearby magneto­
sphere and the magnetosheath as well. This example demonstrates that a 
loss cone distribution is not a sufficient condition for the presence of 
closed field lines (see section 2.4.6). Considering the field direction 
and the energetic electron characteristics, however, these observations 
are most compatible with a PBL that is located primarily on closed field 
lines.
Magnetic field hodograms for this crossing are presented in Figure 
2.3.3.5. The normal field component is near zero although the field 
magnitude remains high across the MPL. The magnetopause normal direc­
tion is ()>SE = 3° and xSE « -63°, consistent with the crossing location.
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Figure 2.3.3.1 1 May 1973 plasma data.
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Figure 2.3-3-2 1 May 1973 plasma and field data.
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Figure 2.3.3.4 Energetic electron (47- to 350-keV) pitch-angle 
distributions for the 1 May 1973 crossing.
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Figure 2.3.3-5 Magnetic field hodograms, field magnitude and electron density for the 1 May 
1973 crossing of the MPL.
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Many other crossings also illustrate how the MPL is, in general, distin­
guished by a field direction change and not by changes in field magni­
tude. The continuity in electron density through the MPL shown in Fig­
ure 2.3.3.5 is also a common feature.
Electron differential energy spectra sampled across the MPL are 
shown in Figure 2.3.3.6 and they show a clear continuity across the MPL. 
This signature would be very improbable if a relatively distant source 
supplied the PBL immediately inside the current layer. Magnetospheric 
spectra are distinctly different and show a higher mean energy. Ion and 
electron energy spectra, plotted as azimuthal averages of the velocity 
distribution, are shown in Figure 2.3-3.7. These spectra trace plasma 
characteristics from the magnetosheath, through the MPL and PBL, to the 
magnetosphere. In general, the MPL and PBL spectra are similar to the 
nearby magnetosheath spectra, although the PBL spectrum sampled adjacent 
to the magnetosphere is similar to the magnetospheric spectrum. This 
effect may be caused by mixing with magnetospheric plasma.
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Figure 2.3.3.6 Electron differential spectra plotted four times every ~ 12.5 s at successive 
locations near the MPL for the 1 May 1973 crossing. Nearby magnetospheric spectra are also 
plotted for comparison.
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Figure 2.3.3.7 Azimuthal averages of the distribution function plotted for ~100 s 
intervals for the 1 May 1973 crossing.
In
56
2.3.4 The 16 June 73 IMP 6 Crossing
This low latitude dawn side crossing (Figures 2.3.4.1-.3) does not 
have a clear MPL. A series of field direction changes before 0333 UT 
could mark a multiple magnetopause crossing. Based on plasma density, 
however, an outer boundary near 0402 UT should be selected. This latter 
identification is consistent with energetic electrons that show 
pancake-shaped pitch angle distributions after 0402 UT and an antisun­
ward streaming of energetic electrons before that time (Figure 2.3.4.4). 
Energetic electron intensities in the PBL progressively increase while 
the satellite continues inward. These pitch-angle distributions suggest 
that the PBL (after 0403 UT) is on closed field lines (see section 
2.4.6). One could, however, choose the outer PBL boundary at j* 0330 UT 
and state that the inner PBL is on closed field lines while the outer 
PBL is on open field lines.
Plasma flow directions in the closed field line region of the PBL 
(in either interpretation discussed above) show a substantial cross­
field component as shown in Figure 2.3.4.3. Typical cross-field flow 
angles are * 90 to 130°, depending on the exact flow direction con­
sidered that could be sampled by the +45° aperture of the electrostatic 
analyzer.
Azimuthally averaged ion and electron energy spectra sampled across 
the PBL (Figure 2.3.4.5), show the similarity of spectral shapes from 
the magnetosheath through the PBL and the contrast with the nearby 
magnetospheric spectra. The lack of a distinct inner or outer boundary 
to the PBL suggests the presence of a diffusion mechanism that can con­
tribute to the plasma population of the PBL (section 3-3)•
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Figure 2.3-4.1 16 June 1973 plasma data.
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Figure 2.3.4.2 16 June 1973 plasma and field data.
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Figure 2.3.*1.3 16 June 1973 plasma flow and field projections.
Reproduced 
with 
perm
ission 
of the 
copyright owner. 
Further reproduction 
prohibited 
without perm
ission.
PITCH ANGLE (deg) > I
M A G NETOPA U SE IN N E R  SU RFA C E
Figure 2.3.4.4 Energetic electron (47- to 350-keV) pitch-angle distributions for the 16 June 
1973 crossing.
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Figure 2.3.4.5 Azimuthal averages of the distribution function plotted for ~100 s 
intervals for the 16 June 1973 crossing.
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2.3.6 14 April 1972 IMP 6 Crossing
This dusk side crossing (Figures 2.3.5.1 and 2.3.5.2) is in the sub­
solar region within about 20° or ^ 5 Rg of the subsolar point. A clear 
MPL signature is present in the magnetic field data as a direction 
change of B near 1617 UT. There is no distinct change in the plasma 
parameters at the MPL except for increased deflection of bulk flow 
direction relative to the XQSM axis.
Figure 2.3.5.3 shows ecliptic plane projections of the magnetic 
field and bulk plasma flow. A substantial normal component of plasma 
flow is indicated, irrespective of the flow component out of the eclip­
tic plane.
A significant normal field component (B3 - 8 y) is indicated by the 
minimum variance analysis as shown by the hodograms in Figure 2.3*5.4. 
Both electron density and field magnitude remain high through the MPL as 
shown on the right side of Figure 2.3*5.4. Field magnitude changes over 
a length scale comparable to that of the PBL, whereas the field direc­
tion change occurs over a relatively small distance. Similarly, the 
plasma and field energy density change over a length scale comparable to 
that of the PBL.
The mean thermal energy and plasma density retain their magneto­
sheath levels until the satellite approaches the inner PBL surface.
This suggests that the PBL in this case is made up primarily of magneto­
sheath plasma. Ion and electron energy spectra, shown in Figure
2.3.5.5, illustrate the close similarity of PBL and magnetosheath spec­
tra and the contrast with spectra for the nearby magnetospheric plasma. 
The progression of 3.1-3 time resolution electron differential spectra
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 2.3.5.*4 Magnetic field hodograms, field magnitude and electron density for the 14 April 
1972 crossing of the MPL.
Reproduced 
with 
perm
ission 
of the 
copyright owner. 
Further reproduction 
prohibited 
without perm
ission.
Figure 2.3.5.5 Azimuthal averages of the distribution function plotted for 
five to seven minute intervals for the 14 April 1972 crossing.
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across the MPL is illustrated in Figure 2.3.5.6 for four spin periods. 
These spectra again indicate the close relationship of PBL and magneto­
sheath plasma in the presence of a clear current layer signature. Mag­
netospheric spectra are very different from spectra sampled near the 
MPL.
The antisunward-component plasma flow observed in the PBL in this 
crossing is not compatible with a cusp region source because of (1) the 
crossing location, which requires a local or subsolar region source for 
the magnetosheath-like plasma observed in the PBL, and (2) the continu­
ity in plasma parameters, including energy spectra, across the MPL. 
Locally observed magnetospheric plasma cannot be a significant contri­
butor to the PBL plasma population because the magnetospheric plasma 
density is reduced by more than a factor of 50 relative to the outer 
PBL, and because the mean thermal energy is nearly at the magnetosheath 
level except for the innermost 20% of the PBL.
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Figure 2.3.5.6 Electron differential spectra plotted four times every ~12.5 s at successive 
locations near the MPL for the 14 April 1972 crossing. Nearby magnetospheric spectra are 
also plotted for comparison.
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2.3.6 22 May 1972 IMP 6 Crossing
This is a noon-meridian, low latitude MPL-PBL crossing (Figures 
2.3.6.1-3) that is in an exceptional location for observing plasma flow 
relative to the cusp region. Based on the field direction (<t>B ^ 20°, xQ 
v* 40°) the satellite position is near the noon meridian immediately 
equatorward of the cusp. The bulk plasma flow is nearly field-aligned 
as shown in Figure 2.3.6.3, and is directed toward the cusp. A clear 
MPL i3 located near 0202 UT with two other possible excursions into the 
MPL within five minutes before this time.
There is a significant density decrease near the MPL, as shown in 
Figure 2.3.6.4, with j> 3.1-s time resolution electron density samples. 
This density decrease is accompanied by an unusually abrupt increase in 
magnetic field magnitude near the MPL (Figure 2.3-6.2), in contrast with 
the common observation that the length scale of the |£| gradient is 
often closer to the PBL thickness than to the MPL thickness. The mag­
netic field hodogram exhibits a near-zero normal field component 
considering the variations in B3. The direction of minimum B variance, 
B3, was <t>SE j* 174° and xSE * 44°.
Figure 2.3.6.5 shows the range of observed ion and electron energy 
spectra from the magnetosheath through the PBL and also compares the 
spectra of the higher mean thermal energy magnetospheric plasma. PBL 
spectra in this crossing exhibit a local decrease near 500 eV. This 
decrease indicates that PBL plasma not immediately adjacent to the MPL 
could have been supplied from more distant points in the subsolar 
region.
PBL plasma immediately adjacent to the MPL has spectra essentially
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 2.3.6.1 22 May 1972 plasma data.
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Figure 2.3.6.2 22 May 1972 plasma and field data.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced 
with 
perm
ission 
of the 
copyright owner. 
Further reproduction 
prohibited 
without perm
ission.
T
BULK FL O W  A N D  MAGNETIC FIELD VECTORS 22 M A Y  72 3°7
i
0150 0200 0210
Figure 2.3.6.3 22 May 1972 plasma flow and field projections.
I 300 km/s ANTISUNWARD
0220
Reproduced 
with 
perm
ission 
of the 
copyright owner. 
Further reproduction 
prohibited 
without perm
ission.
40
20
B3 ( y ) 0 
-20 
-4 0
PLANE NORMAL.TO 
MAGNETOPAUSE (B3^-ly)
I 1 i £
: 5r- 
•
..._i 
i 
i
1
PLANE TANGENT TO 
MAGNETOPAUSE
20
B2(y ) 0
- -T 1 ~T" I_ 1 1---
- f -  :---1--- 1--- 1
Bl(y) Bl (/)
IBI(y )20>
Figure 2.3.6.A Magnetic field hodograms, field magnitude and electron density for the 22 May 
1972 crossing of the MPL.
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Figure 2.3.6.5 Azimuthal averages of the distribution function plotted for ~100 s 
intervals for the 22 May 1972 crossing.
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indistinguishable from the nearby magnetosheath plasma, as shown in 
Figure 2.3.6.6. For eight spin periods spanning the MPL, electron dif­
ferential spectra remain unchanged, which indicates relatively local 
entry of PBL plasma close to the MPL. The magnetospheric spectra have a 
lower flux at low energies and show a higher mean energy than spectra 
sampled near the MPL.
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Figure 2.3.6.6 Electron differential spectra plotted four times every ~12.5 s at successive 
locations near the MPL for the 22 May 1972 crossing. Nearby magnetospheric spectra are also 
plotted for comparison.
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2.3.7 4 March 1972 IMP 6 Crossing
This high-latitude, dawn-side IMP 6 crossing (Figures 2.3*7.1-3) 
shows field-aligned plasma flow directed into the cusp region. The flow 
is also enhanced by '‘100 km/s in speed relative to the nearby magneto­
sheath plasma. A minimum variance analysis of the magnetic field indi­
cates a normal field component of 8 Y, as shown by the hodograms in Fig­
ure 2.3.7.4. There is a local minimum of electron density and field 
magnitude within the MPL as shown on the right-hand plot of Figure
2.3.7.4. The plasma flow direction shifts suddenly near the MPL into a
direction that is nearly field-aligned within the PBL, as shown in 
Figure 2.3.7.3. Such field-aligned flow is common in the cusp region 
(c.f., the 22 May 1972 crossing).
The plasma and field parameters observed in the PBL suggest that 
magnetosheath plasma has crossed the MPL on the subsolar side of this 
crossing location and is flowing into the cusp region. This cuspward- 
directed flow may be related to the earthward-directed flows observed in
the cusp by IMP 6 at smaller radial distances (Fairfield and Hones,
1978).
Energetic electron pitch angle distributions, shown in Figure
2.3.7.5, show a pancake-shaped distribution in the PBL and the nearby 
magnetosphere, whereas the nearby magnetosheath shows a streaming 
distribution directed away from the cusp region. The pitch-angle 
distributions as well as the energetic electron intensities are clearly 
different on each side of the MPL. These results suggest that the PBL 
is on closed field lines and that part of the energetic electron
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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F ig u r e  2 . 3 - 7 . 1  4 March 1 9 7 2  plasma data.
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Figure 2.3.7.2 4 March 1972 plasma and field data.
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Figure 2.3-7. Magnetic field hodograms, field magnitude and electron density for the 4 March 
1972 crossing of the MPL.
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distributions for the 4 March 1972 crossing.
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population can cross the MPL and contribute to a layer of energetic 
electrons in the magnetosheath adjacent to the MPL.
Electron differential energy spectra, (Figure 2.3.7.6) show the same 
close similarity of PBL and magnetosheath spectra as is usually 
observed, as well as the usual contrast with the nearby magnetospheric 
spectra. At a local density minimum near 1638 UT, however, the energy 
spectra are close to those observed in the nearby magnetosphere in the 
same region where a local increase in mean thermal energy is observed. 
These observations are consistent with a mixing of magnetosheath and 
magnetospheric plasma in the PBL. Azimuthal averages of the ion and 
electron velocity distributions are presented in Figure 2.3.7.7. The 
magnetosheath and PBL spectra are very closely related and are mutually 
different from the nearby magnetospheric spectra. Although the ener­
getic electron pitch angle distributions change dramatically across the 
MPL, the low-energy plasma spectra show a distinctive continuity across 
the MPL.
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Figure 2.3.7.6 Electron differential spectra plotted four times every 
-12.5 s at successive locations near the MPL for the 4 March 1972 
crossing. Nearby magnetospheric spectra are al30 plotted for 
comparison.
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Figure 2.3.7.7 Azimuthal averages of the distribution function plotted for ~100 s 
intervals for the 4 March 1972 crossing.
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2.3*8 ISEE Dual Satellite Crossings
Haerendel et al. (1978) report that a plateau in density values is 
often observed in the PBL as seen by HEOS 2. A plateau in density is 
marked by a sudden density change at the magnetopause layer and at the 
inner extent of the PBL. An ISEE 1 crossing on 3 November 1977 (Pasch­
mann et al., 1978) that shows a plateau signature is shown in Figure
2.3.8.1 (captions face Figures 2.3.8.1-2). This signature is rarely 
observed by IMP 6; instead, the majority of IMP 6 crossings reveal no 
distinct changes in density or electron spectra at the magnetopause 
layer. The ISEE observations suggest a spatial change in PBL structure 
with increasing distance from the subsolar region when compared to the 
IMP 6 observations. This is further emphasized in the ISEE 2 crossing 
of 8 November 1977 (Paschmann et al., 1978), shown in Figure 2.3.8.2. 
This crossing shows a PBL detached from the magnetopause layer, a situa­
tion that has not yet been clearly found in the IMP 6 data. The iso­
lated PBL in this ISEE 2 crossing has magnetosheath-like spectra (Pasch­
mann et al., 1978), although it is located on magnetospheric field lines 
(Russell and Elphic, 1978). Paschmann et al. (1978) describe a possible 
temporal model for these isolated PBL regions in which "plasma entry 
and/or transport along the boundary are ’switched* on and off." The 
flow parameters shown in Figure 2.3 .8.2 during the detached PBL segment 
show a dawn-dusk flow reversal that suggests a vortex of plasma flow. 
Such possible vortices are evident in other segments of the ISEE PBL 
crossings near the noon meridian at 25° latitude. Paschmann et al. 
(1978) point out that the apparent PBL thickness may be produced by 
"temporally limited plasma entry" and/or the passage of plasma vortices.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 2.3.8.1 Two- and three-dimensional plasma and field parameters 
for the ISEE 1 crossing of 3 November 1977. Solar magnetospheric 
(GSM) coordinates are used for spacecraft positions with R (in Rg), 
local time (LT in hours), and latitude (in degrees). Solid lines 
denote protons and dotted lines denote electrons in the plots of 
density (N in cm J) and temperature (T in degrees Kelvin). Bulk flow 
directions are given in terms of azimuth ($p) and elevation (Ap) in 
spacecraft coordinates (close to solar ecliptic coordinates) based on 
both the 2D (solid line) and 3D (dots) moment analysis. M, E, N, or S 
denote morning, evening, northward, or southward flow components, 
respectively. Total plasma pressure (solid line) and magnetic field 
pressure (dotted line) are given in units of 10 ® dynes/cm2 (left 
scale). The dotted curve also gives the magnetic field strength (in 
gammas) by using the quadratic right-hand scale. The magnetopause is 
marked by a solid vertical line and the inner surface of the plasma 
boundary layer is marked by a dashed line. Magnetosheath plasma is 
sampled before 0751 UT and magnetospheric plasma is sampled after 0803 
UT.
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Figure 2.3.8.2 Two- and three-dimensional plasma and field parameters 
for the ISEE 2 crossing of 8 November 1977. This figure uses the same 
format as Figure 2.3.8.1 except that an Isolated plasma boundary layer 
Is marked off by vertical dashed lines at 0254:50 and 0258 UT. The 
magnetopause layer is centered on the vertical solid line at 0252 UT.
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A comparison of the ISEE and IMP 6 results shows that the PBL 
structure within v* 30° of the subsolar point is probably different 
from its structure along the flanks farther from the subsolar region.
The relationship among plasma flow observations by IMP 6, HEOS 2 and the 
ISEE satellites is evident when flow directions for various crossings 
are compared (see section 2.4.3).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2.4 Statistical Study
2.4.1 Basic Questions
Because of the substantial spatial and temporal variations of plasma 
and field parameters observed near the magnetospheric boundary, several 
important observational questions can be answered only by evaluating 
data from satellite crossings in a collective manner. Some questions 
important for determining the primary source of PBL plasma are
(1) How do plasma densities and energy spectra usually vary near 
the MPL and across the PBL?
(2) What are typical bulk plasma flow characteristics in the PBL 
and nearby magnetosheath?
(3) What are nominal thicknesses of the PBL, how thick is the PBL 
relative to the MPL, and how does nominal PBL thickness vary 
with the local z-component of the magnetosheath magnetic field 
and other parameters?
(4) What are typical characteristics of energetic electrons near 
the MPL and PBL?
2.4.2 Density Variations
Figure 2.4.2.1 shows observed variations of electron density samples 
in high time resolution (time between samples is «/»12.5 s unless noted by 
AT) in the MPL and PBL for eight IMP 6 crossings. For comparison, every 
crossing is plotted to show the same apparent PBL width. The MPL is 
often not distinguished by large changes in plasma density. In fact, 
local electron densities and energy spectra, sampled every ^ 3-1 s by 
IMP 6, showed no distinct changes at the MPL in 24 of 40 selected 
crossings. Three of the seven most rapid crossings that have been
91
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Figure 2.4.2.1 Electron density data are plotted for selected P3L 
crossings characterized by a single, well-defined MPL. Satellite 
time in the PBL is denoted by T^. Data points that give averages 
of three-second electron density samples are separated by sl2.5 s 
time intervals unless noted by AT. The PBL is given the same appar­
ent width in all plots with the MPL positioned on the right-hand 
side. All locations are given in GSM coordinates.
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identified also showed no distinct changes in electron density or energy 
spectra at the MPL. These crossings show energy spectra within the PBL 
that are often virtually indistinguishable from those of the nearby 
magnetosheath. In addition, electron spectra measured through the MPL 
are much more similar to each other than electron spectra compared 
between different crossings (e.g., compare Figures 2.3.5.6 and 2.3.7.6). 
This spectral similarity of plasma on opposite sides of the MPL with a 
general gradation towards magnetospheric spectra farther into the PBL 
(especially during periods of relative density minima) has also been 
noted in data from HEOS 2 (e.g., the 10 October 1973 crossing, Haerendel 
et al., 1978).
In MO crossings selected for examination in the highest possible 
time resolution, the basic PBL signatures were never found to be com­
pletely absent. This set includes the seven most rapid IMP 6 crossings 
where the nominal PBL thickness was as small as one ion gyroradius 
(typically >'’100 km for protons near the magnetopause).
Significant density fluctuations are observed by IMP 6 in the 
PBL-MPL region (Figure 2.4.2.1) as well as the nearby magnetosheath 
(Figure 2.4.2.2). Changes in electron density greater than a factor of 
two are often observed for two consecutive (3-s interval) samples in 
these regions, especially in the PBL. These variations indicate the 
presence of significant small-scale inhomogeneities in the PBL and 
nearby magnetosheath. Single satellite measurements can provide only a 
rough estimate of gradient scale lengths (see Table 3-1.1) since the 
flow field is sampled only locally. Density fluctuations in the PBL-MPL
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 2.4.2.2 Electron density values sampled in the magnetosheath adjacent to the MPL-PBL 
regions shown in Figure 2.4.2.1. Density values are plotted every ~12.5 s (i.e., averaged 
over four electron spectra sampled during each spin period) at equal time spacing for all 
crossings.
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region could lead to cross-field plasma diffusion because of plasma 
kinetic instabilities (see section 3*3)*
2.4.3 Bulk Plasma Flow Characteristics 
The spatial distribution of source(s) for the PBL should be 
reflected in PBL bulk flow characteristics, which are reviewed in Figure 
2.4.3. Flow vectors are drawn based on IMP 6, HEOS 2 (Rosenbauer et 
al., 1975) and ISEE observations (Paschmann et al., 1978). All flow 
vectors drawn in the PBL in the equatorial plane or noon-midnight mer­
idian plane are based on projecting observed flow vectors for crossings 
that occurred within 15° of the GSM X-Y or X-Z plane, respectively.
Other flow vectors are estimated projections of observed flow vectors 
projected onto the magnetopause surface. Measurements by IMP 6 near the 
noon meridian and in the cusp are represented by flow vectors that are 
assumed to be aligned with the general field configuration shown in 
Figure 2.4.3. Since IMP 6 measures an effective two-dimensional 
velocity distribution centered on the ecliptic plane (see section 2.2 
and Appendix A), flow vectors marked in the x-z plane represent only 
speed and the x-component of flow. Flow components out of the ecliptic 
are not measured by IMP 6 although they are usually measured by HEOS 2.
Substantial changes in plasma flow directions are frequently 
observed in the subsolar region (as sampled by ISEE) and the cusp 
regions. The high-latitude boundary layer (HLBL) and low-latitude 
boundary layer (LLBL), see Figure 1.1, consistently show antisunward 
flow. The LLBL plasma flow often has a significant cross-field compo­
nent, especially near the magnetospheric equatorial plane and in the 
subsolar region. Antisunward component flow observed in the near-noon
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 2.A.3 Summary of plasma flow in the sunward plasma boundary 
layer as observed by IMP 6, HEOS 2, ISEE 1 and ISEE 2. Approximate 
projections of observed flow vectors are given on the noon-midnight 
meridian and equatorial plane cross-sections of the PBL based on 
satellite crossings with an earth centered angle of < 15° from the 
X-Z and X-Y planes, respectively. Flow vectors marked between the 
two cross-sections are observed PBL flow vectors projected onto the 
magnetopause surface. The magnetosheath bulk flow adjacent to the 
magnetopause was assumed to be parallel to the magnetopause surface 
for this plot. This drawing has been made to scale except that the 
PBL is enlarged ~50$.
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meridian PBL, equatorward of the cusp regions, is not consistent with 
sources limited solely to the cusp regions.
The IMP 6 measurements indicate that the PBL is supplied by direct 
transport of magnetosheath plasma across the MPL and that this transport 
process is relatively widespread over the entire sunward magnetospheric 
boundary. IMP 6 observations, including that of plasma flow, show no 
evidence that the PBL can be filled only by magnetosheath plasma enter­
ing the cusp regions or by highly localized sources in the subsolar 
region.
2.4.4 PBL-MPL Thickness Ratio
The effect that is most clearly incompatible with classical 
diffusion (see section 3.3) is the frequent observation that the PBL 
thickness Lpg^ is usually substantially larger than the current layer 
thickness LMPIj. Table 2.4.4 lists estimated ratios. These
ratios are independent of uniform magnetopause motions. For nine 
selected crossings at low latitudes (IeQSMI ^  that show a clear 
signature, the mean lpbi/lmpl ratio was 18.2, with values ranging from 4 
to 74 with a standard deviation of the mean of 22. This result 
indicates that the PBL thickness is highly variable and, in general,
LpBL is significantly larger than If we take one ion gyroadius (“
140 km for protons), as the approximate MPL thickness (as expected for a 
Parker magnetopause, see section 3*2), then a typical thickness of the 
PBL is */>0.4 R„.
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Table 2.4.4 PBL versus MPL Thickness
Estimated
Date MPL Interval (s) PBL Interval (s) lpbl / Lmpl
22 November 1971 93 850 9.1
5 January 1972 60 1230 20.5
4 February 1972 60 360 6.0
28 February 1972 88 680 7.7
4 March 1972 15 890 59.3
24 March 1972 72 260 3.6
14 April 1972 24 1780 74.2
13 May 1972 13 165 12.7
22 May 1972 85 550 6.5
20 June 1972 12 546 45.5
22 January 1973 12 906 75.5
16 February 1973 3 156 52.0
19 February 1973 45 975 21.7
1 May 1973 48 506 10.5
16 December 1973 100 1020 10.2
24 December 1973 90 960 10.7
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2.4.5 PBL Thickness Estimates
IMP 6 plasma experiments provide good coverage of the dayside 
magnetopause, as shown in Figure 2.2.2, except within * 25° of the 
subsolar point. From a larger set of 90 well-defined, nonmultiple 
crossings, we have evaluated the nominal thickness of the low-latitude 
portion of the PBL (or LLBL) by projecting the spacecraft trajectory in 
each boundary layer segment onto a local normal to the magnetopause 
surface based on the model of Howe and Binsack (1972). Table 2.4.5 
lists these nominal thickness values versus XGSM (distance along the 
earth-sun axis) along with their mean values. Nominal thickness values 
are expected to vary considerably because of the unknown magnetopause 
motion relative to the spacecraft. Table 2.4.5 also shows that the mean 
LLBL thickness tends to increase with increasing distance from the 
subsolar region (i.e., with decreasing XQSM). A local increase in mean 
thickness for XQSM = 4 to 5 Rg is due to the inclusion of some crossings 
near the cusp regions at high latitudes, although the IMP 6 orbit rarely 
provides a passage directly into the cusp. A few cases of IMP 6 
crossings in the cusp region are discussed in detail by Fairfield and 
Hones (1978).
From the set of 90 crossings used here to evaluate the nominal 
boundary layer thickness, no statistically significant correlation has 
been found between LLBL thickness and latitude (except for the cusp 
regions where the PBL tends to be thicker), geomagnetic activity, or 
with the locally measured z-component of the magnetosheath magnetic 
field. Figure 2.4.5.1 shows the PBL thickness values plotted versus the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 2.4.5. Nominal Plasma Boundary Layer Thickness Values 
and their Means Versus XGSM 
XGSM < V  Boundary Layer Thickness, LpBL(RE)
0-1 0.35,0.44,0.16,0.06,0.66 0.35
1-2 0.33,0.74,0.39,0.46,1.02,0.12,0.83 0.56
2-3 0.42,0.14,0.40,1.2,0.20,0.08,1.1 0.51
3-4 0.33,0.13,0.02,0.50,1.29,.012,0.07,0.08,0.19,0.61, 0.36
0.59,0.33
4-5 0.60,1.32,0.37,1.36,0.45,1.47,0.04,0.48,0.40,0.47,0.27, 0.60
0.42,0.14
5-6 0.41,0.98,0.56,0.26,0.12,0.16,0.08,0.28,0.32,0.24, 0.34
0.17,0.52
6-7 0.93,0.21,0.48,0.16,0.07,0.10,0.09,0.05,0.30 0.25
7-8 0.10,0.15,0.05,0.004,0.04,0.06,0.05,0.02,0.04,0.07, 0.08
0.03,0.43,0.09,0.04
8-9 0.16,0.13,0.03,0.003,0.005,0.36 0.11
9-12 0.01,0.001,0.005,0.23
100
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Figure 2.4.5.1 Plasma boundary layer thickness values are plotted
by IMP 6 in the magnetosheath adjacent to the magnetopause. From the 
larger set of 90 crossings, only those crossings which permitted a 
rough estimate of B were used.
versus the local z component of the magnetic field, Bz, as measured
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local z-component of the magnetic field measured by IMP 6 in the mag­
netosheath region adjacent to the magnetopause. Crossings for which 
|Qq s m I is greater than 30° are separated in this figure which shows no 
significant correlation between nominal boundary layer thickness and the 
local z-component of the magnetosheath magnetic field. Space and/or 
time variations of actual boundary layer thickness might suppress any 
real correlation. Such variations have been described by Williams 
(1978) who used ISEE measurements of three-dimensional distributions 
based on 24-44.5 keV ions. These measurements were consistent with 
boundary motions toward and away from the earth of up to 20 km/s along 
with surface waves on the boundary.
The LLBL thickness progressively increases with increasing distance
from the subsolar point as shown in Figure 2.4.5.2b. Nominal thickness
values near the dawn-dusk meridian plane (XQSM = 0) are * 0.5 Rg- The
increased thickness for 4 < X (Rg) 1 5 shown in Figure 2.4.5.2e is due
to enhanced PBL thickness at high latitudes near the cusp regions.
Nominal thickness values are distributed over a wide range (up to 1.5
Rg) as shown in Figure 2.4.5.2a, with a mean value of 0.34 Rg and a
standard deviation of the mean of 0.35 Rg. The thickness distribution
for negative versus positive IMF B„ (or IMF B,r) as shown in Figures z y
2.4.5.2c,d shows that the frequency of a thin LLBL is reduced for 
negative IMF Bz (or positive IMF By). HEOS 2 measurements have not 
shown any correlation between IMF Bz and LLBL thickness (Haerendel et 
al., 1978) although they have shown a distinct correlation with HLBL 
thickness (Sckopke et al., 1976). PBL thicknesses for crossings tail- 
ward of the dawn-dusk meridian plane (XQSM = 0) have lower mean values
102
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Figure 2.4.5.2 Statistics of nominal PBL thickness, LpBL (a) and comparisons of with
arc length along the magnetopause measured from the subsolar point (b), IMF B^ (c),
IMF By (d) and XGgM (e). Lp]gL peaks at S = 7 to 8 R£ (plot b) due to enhanced PBL 
thcikness in the cusp regions. 103
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and are highly variable due to enhanced motion of the tailward boundary
relative to motions of the sunward magnetospheric boundary.
A spatial composite of nominal PBL thickness values based on IMP 6
data is given in Figure 2.4.5.3- Three thickness ranges are designated
and the symbol type distinguishes two types of PBL descriptions:
observed uniform density significant local
decrease in the PBL density enhancements
Open symbols are clustered closer to the subsolar region than filled 
symbols, suggesting that sudden density changes near the MPL are less 
likely with increasing distance from the subsolar point. However, there 
is no clear separation of circles and squares, which suggests that high 
space and/or time variations have suppressed any real spatial changes of 
the MPL density gradient.
Diffusive processes are expected to produce a boundary layer that 
increases in thickness with increasing distance downstream; however, 
this prediction is not unique because a reconnection process also would 
lead to a steadily increasing thickness (Sonnerup, 1977). The two most 
significant results obtained by single satellite observations of nominal 
PBL thickness are (1) the high space and/or time variations observed 
near the magnetospheric boundary, and (2) a PBL that is typically much 
thicker than the MPL.
and
small or no distinct 
density change at the MPL
density change of more 
than a factor of four 
observed through the MPL
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+  0 25 £ L r i  < 0 5 0  SQUARE SIGNIFICANT LOCAL DENSITY
‘ ' ENHANCEMENTS
•  Lbl > 0.50 FILLED SMALL OR NO DENSITY DECREASE
SYMBOL AT MAGNETOPAUSE 
OPEN DENSITY DECREASE 
SYMBOL NEAR MPL > x 4
Figure 2.4.5.3 Nominal PBL thicknesses plotted on the sunward 
magnetopause surface. All results are based on IMP 6 crossings 
except for four points near local noon below = 30° which
are based on ISEE data.
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2.4.6 Energetic Electrons Characteristics
For several crossings, the energetic electron pitch angle 
distributions display a pancake-shaped or loss cone distribution in the 
PBL and in the adjacent magnetosphere. Such a pitch-angle distribution 
often indicates a quasi-trapping or closed field line configuration. 
Minimum B pockets in the outer magnetosphere (Roederer, 1970) can lead 
to pancake-shaped pitch-angle distributions in the dayside region of 
quasi-trapping. The adjacent magnetosheath contains energetic electrons 
that are streaming along the magnetic field and away from the high- 
latitude, subsolar region of the magnetosheath. These pitch-angle 
distributions were obtained by sorting the 16-angle energetic electron 
data with the azimuthal angle of the local magnetic field based on 
1.25-s averages of the magnetometer data. From 15 cases, five cases 
(all at local times earlier than 130 0) show pancake-shaped distributions 
in the low-latitude portion of the PBL (or LLBL). The remaining 
crossings had LLBL pitch-angle distributions that were more similar to 
the adjacent magnetospheric distributions than to the adjacent magneto­
sheath distributions or else the counting statistics were inadequate to 
make a comparison.
The usual continuity in energetic electron distributions observed in 
passing into the PBL from the magnetospheric side, combined with the 
magnetospheric-like orientation of the PBL field, provides stronger 
support for the presence of closed field lines in the PBL than does the 
occasional presence of a pancake-shaped pitch-angle distribution. This 
presence of closed field lines in the PBL is supported by ISEE measure­
ments of three-dimensional distributions for 24-44.5 keV ions. Williams
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(1 9 7 8) found that trapped type distributions could be maintained "within 
a fraction ( < 0 .3 R^) of a gyroradius from the magnetosheath field where 
no trapping is observed."
For the five IMP 6 crossings that showed statistically significant 
streaming of energetic electrons in the magnetosheath, the streaming 
direction was consistent with a source in the subsolar region. The energetic 
electrons observed from IMP 6 were either streaming tailward along the 
magnetic field away from the subsolar region (three of the five cases) 
or were streaming along the magnetic field away from the cusp region 
(two of the five cases).
Two of the crossings showed a pancake-shaped pitch-angle distribu­
tion of energetic electrons in the magnetosheath. Large-scale inhomo­
geneities in the magnetosheath could temporarily produce such a distri­
bution by setting up a mirror geometry for the field between plasma 
clouds that convect past the spacecraft (Fairfield, 1976). In general, 
the IMP 6 energetic electron data indicate that the low-latitude part of 
the PBL is in a closed field line region (as suggested by the observed 
field directions), whereas the HLBL is probably in an open field line 
region (Palmer and Hones, 1978).
107
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2.5 Laboratory Experiments.
Laboratory experiments that provide an adequate simulation of the 
magnetosphere are difficult to perform. A eollisionless plasma state 
combined with an ion gyroradius that is small compared to the scale size 
of the artificial magnetosphere is especially difficult to simulate. 
Scientists at the Space Research Institute of the USSR Academy of 
Sciences in M d s c o w  have reported on a series of significant experiments 
using a terrella embedded in a plasma flow stream with a high Alfven 
Mach number. In particular, Dubinin et al. (1976) have reported on the 
results of direct electric field probe measurements and the correspond­
ing ExB convection pattern (Figure 2.5). A region of antisunward plasma 
flow is present near the magnetospheric boundary, while plasma 
convection with a sunward component is observed farther inward toward 
the terrella. Because the ion gyroradius in this experiment was on the 
order of a few cm, an extrapolation to the earth's magnetosphere should 
have a relatively thinner region of antisunward plasma flow, as observed 
for the PBL. Direct plasma flow measurements were also taken as an 
independent check of the convection results shown in Figure 2.5.
Dubinin et al. (1976) conclude that measurements of the electric and 
magnetic field distribution show that a boundary layer with antisolar 
convection exists within the outer portion of the closed field line 
region of the laboratory magnetospheric model.
For a southward magnetic field in the plasma incident on the 
laboratory simulated magnetosphere, Podgorny et al. (1978a,b) report 
that a "visor" forms in the magnetosheath adjacent to the sunward 
magnetopause due to magnetic field reconnection in the cusp regions. In
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Figure 2.5 Convection pattern in the magnetospheric equatorial plane based on laboratory 
experiments (Dubinin et al., 1976).
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this picture, the field reversal boundary is embedded in a closed field 
line region external to the magnetosphere. This ''visor1' region is 
described as a region of closed field loops adjacent to the magnetopause 
and equatorward of the cusp regions. The PBL crossing of 4 March 1972 
(see section 2.3.7) shows plasma and magnetic field signatures which 
indicate that the IMP 6 satellite is crossing slightly duskward of a 
dawnward displaced cusp region. In contrast to the visor picture, this 
crossing shows a clear field reversal adjacent to a PBL that has a 
pancake-shaped energetic electron distribution, which suggests the 
presence of closed field lines. The convective flow pattern predicted 
for the visor region includes plasma flow in the sunward direction that 
is not consistent with the observed flow pattern shown in Figure 2.4.3* 
B.U.0. Sonnerup (private communications, 1978) pointed out that, because 
the visor had a thickness on the order of one ion gyroradius in the 
laboratory experiment, the visor should be relatively thin in the real 
magnetosphere (where 1 “ 140 km) due to the scaling. Sunward-com­
ponent flow in this thin visor could escape detection, however, because 
of the + 45° analyzer fan and the few available noon meridian IMP 6 
crossings. These observations suggest that there is no evidence for a 
visor region within the limited measurement capability of the IMP 6 
satellite.
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2 .6  Review QE-Qbaery.aUons
IMP 6 plasma, energetic electron, and magnetic field observations 
provide several results about the structure of the MPL and low-latitude 
portion of the PBL (or LLBL) in the region covered by IMP 6 (see Figures
2 .2 . 2  and 2.2.3)
1. In all IMP 6 crossings, some magnetosheath-like plasma is observed 
earthward of the magnetopause layer (section 2.4.2). The spectral 
intensities of PBL electrons close to the MPL are often virtually 
indistinguishable from those of the adjacent magnetosheath electrons 
(sections 2.3-1—.8 and 2.4.2). Ion spectral intensities in the PBL 
and local magnetosheath are also very similar (section 2 .3.1-.8). 
Many crossings show a significant magnetospheric contribution to the 
ion and electron spectra, especially farther earthward from the
MPL and near relative density minima within the PBL (section 2.3.3).
2. High temporal resolution (3-s average) data reveal that in 24 out of 
40 IMP 6 magnetopause crossings, no distinct changes in density or 
electron spectra are observed at the MPL (section 2.4.2).
3. The PBL thickness is highly variable and, in general, is much 
greater than the MPL thickness (section 2.4.4). PBL thickness tends 
to increase with increasing distance from the subsolar region (sec­
tion 2.4.5).
4. Nominal LLBL thickness values based on 90 IMP 6 boundary crossings 
show no statistically significant correlation with latitude (except­
ing the cusp region where the PBL tends to be thicker), Kp , or with 
the locally measured z-component of the magnetosheath magnetic
I l l
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
112
field. Space and/or time variations of the LLBL thicknesses may 
conceal any real correlation (section 2.4.5).
5. Bulk plasma flow observed in the PBL by IMP 6 almost always has an 
antisunward component, even in the near-noon region equatorward of 
the cusp, and often has a significant cross-field component (section
2.4.3). IMP 6 measurements indicate that the PBL is supplied by 
direct transport of magnetosheath plasma across the MPL (see 2.3 
sections) and that this transport is relatively widespread over the 
entire sunward magnetospheric boundary.
6. Energetic electron (47- to 350-keV) pitch-angle distributions 
suggest that the LLBL is on closed field lines (section 2.4.6).
This conclusion is supported by the magnetospheric field directions 
observed in the PBL.
Implications of these observations will be evaluated and compared 
with predictions of several theoretical descriptions of the solar wind- 
magnetospheric interaction. This will limit the possible primary 
sources of PBL plasma. IMP 6 observations suggest that magnetosheath 
plasma is the primary source of PBL plasma; however, available observa­
tions must be supplemented by a comparison with possible entry mech­
anisms to assess where and how the PBL is supplied.
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CHAPTER 3 
THEORY AND OBSERVATIONS 
3 .1  P h y s i c a l  C h a r a c t e r i s t i c ^ -  o f  th e  .MPL ..a n d -E B L.
3.1.1 Plasma Characteristics
Before making a summary of comparisons between MPL-PBL observations 
and theoretical models we will now review the physical characteristics of 
these boundary regions. Ranges in values for observed MPL and PBL plasma 
parameters are presented in Table 3.1.1. These values show that the 
plasma in these regions is a medium-e collisionless plasma with Tj/Te >>
1. The length 3cales for spatial variations of these parameters is 
difficult to assess based on the single-satellite measurements of IMP 6. 
Estimates of length scales are given near the bottom of Table 3.1.1.
In many space science applications the simplified form of Ohm's law is 
assuned to hold so that
E + 1  % x % « 3/o •
c
The "frozen-in field" approximation results in the limit of infinite 
conductivity (a ®) so that E = - ^ V x B where V is the plasma bulk
velocity. This is often a good approximation because the electrical 
conductivity along magnetic field lines is usually very high in space 
plasmas. Terms of the generalized Ohm's law neglected in the MHD 
approximation (see Krall and Trivelpiece, 1973, Chapter 3) include
113
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Table 3.1.1. Observed MPL and PBL Plasma Parameters
Par.an»&t.g.c
Density,n 
Speed, |v|
Ion Temperature, ^  
Electron Temperature,T0 
Field Magnitude, |B|
Plasma 8
Electron Plasma Frequency, 
pg (units of radians/s)
Ion Plasma Frequency, iop
Electron Cyclotron 
(gyro) Frequency, toQ
e
Ion Cyclotron 
Frequency, w
ci
Electron Gyroradius, Rg 
Ion Gyroradius,
Ion Thermal Velocity, VT
i
Alfven Velocity, V&
Debye Length, XD 
Lg m t.h..?.9ai.Q9.
Typical Value and 
Ranfte a t  MPL
20 cm" 3 (10-3 0)
250 km/s (150-350)
800 eV (500-1600)
80 eV (25-100)
25 Y (10-351 
[1 Y = 10 gauss]
10 (5-15)
250 ks" 1 (180-3 1 0 )
6 ks" 1
4.4 ks"
(4-7) 
1 (1 .8-6.2 )
2.4 s" 1 (1.0-3-4) 
0 . 7 km (0 .3-2 .1 ) 
140 km (82-400)
277 km/s (220-39 2) 
122 km/s (40-240) 
0. 0 1 km
Typical Value and Range 
Near the Inner Surface 
______Q_f_the. ,.PBL_______
1 (0 .5-2 )
50 (25-100)
4 keV (3-5)
150 eV (100-200)
40 Y (20-60)
1 (0.5-2)
56 ks" 1 (40-80)
1.3 ks" 1 (0.9-1.9)
7.0 ks' 1 (3.5-10.6)
3.8 s" 1 (1.9-5.8) 
0.7 km (0.4-1.7)
160 km (93-36 0)
619 km/s (536-692) 
870 km/s (3 10-1850)
<LpBL/LMpL> = 18.2 (range of 4 to 74); Standard deviation, a = 22 
(see section 2.4.4) 
nominal LPPI = 0.4 R„ (based on factor of 18.2 above and LMP, = 1 :
average LpRf a 0.45 Rp 0.45 RP, based on Table 2.4.5PBL E’
Nominal scale length for significant variations (greater than a factor 
of four) in plasma parameters within the PBL is 10 km to ^ 1000 km.
Note: The ion species is assumed to be protons.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
115
IxB Ijg. 3J
nec ’ 2 ’ 3t’
ne
•, and VPe.
Their significance can be evaluated in terms of the length scale L for 
spatial variations of the plasma parameters and the characteristic 
velocity V of the plasma. Based on a dimensional analysis of the gen­
eralized Ohm's law and the parameter ranges observed in the MPL and PBL 
(see Table 3.1.1) we can evaluate the conditions under which these terms 
can be neglected.
can be neglected if
nec
'e
From Table 3•1•1»
2
—  < 8, using typical values across the PBL.
c c'e
Thus, JxB/(nec) cannot, in general, be neglected.
me aJ , . „— 2 can be neglected if
P
c
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From Table 3 • 1 -1»
.2 2 L  toPe g
2 < <1 x 1 0 , using the full range of values across the
c
PBL.
me 3JThus, — - can be neglected except for fluctuations involving
ne
length scales less than ^10 km near the inner surface of the PBL.
LVoic
vpg can be neglected if kT >> 1 .
e e
From Table 3.1.1.
LVt°ce
0.025 < , T < 500, with a typical value of 14, using the full range
* e e
of values across the PBL.
Thus, VPg cannot always be neglected.
Lioc .
Finite Larmor radius effects can be neglected if >>1.
i i
From Table 3-1•1,
Lui
ci
0.04 < v"~ < 1 1 , with a typical value of 1.3, using the full
“ i/rai
range of parameters observed in the PBL. Thus, finite Larmor radius 
corrections cannot. in general, be neglected.
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These results suggest that the frozen-in-field approxiamtion as well 
as the simplified form of Ohm's law are not reliable for scale lengths 
and plasma parameter ranges that are often observed in the MPL-PBL 
region.
3-1.2 MHD Discontinuities
The MPL represents a discontinuity in a magnetized plasma. An 
analysis of such discontinuities is based on magnetohydrodynamic (MHD) 
conservation equations (e.g., Landau and Lifshitz, 1960, Chapter VIII, 
or Nishida, 1978). For the MHD discontinuity analysis, a frame of 
reference is chosen in which the discontinuity is stationary. Several 
assumptions are then made about the plasma and field characteristics, 
including
(1 ) the ion gyroradius is small compared to all other scale lengths 
(Lynn, 1967), and
(2 ) the pressure is sufficiently isotropic that it can be expressed 
as a scalar.*
The first assumption results from the MHD ordering of scale lengths (see 
Krall and Trivelpiece, 1973, section 3*7). IMP 6 observations indicate 
that the MPL thickness is typically on the order of one ion gyroradius. 
Consequently, MHD discontinuity analyses have limited applicability to 
the MPL.
117
•Hudson (1971) and Ivanov (197M) have evaluated the effect of anisot­
ropic pressures on a discontinuity analysis. The general effect is to 
complicate the identification of a particular discontinuity. These are 
also one fluid treatments and are limited by the assumption of station- 
arity.
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Brackets [] are used to denote differences of a given quantity from 
the downstream to the upstream state. Thus, [P] = (downstream pressure 
- upstream pressure). Components along the normal to the boundary are 
given the subscript n. Using this notation, conservation of mass can be 
expressed as [Pvn] = 0 and conservation of magnetic flux can be written 
as [Bn] = 0.
Two types of MHD discontinuities result depending on whether vn is 
zero or nonzero. For vR = 0 (a tangential or contact discontinuity), 
there is no mass flow across the boundary and the discontinuity is 
convected along with the flow. If, in addition, Bn = 0, then it is a 
tangential discontinuity for which the total plasma and field pressure 
across the discontinuity is conserved (i.e., [P + (B2/8tt) ] = 0). In a 
contact discontinuity, Bn 4 0 and plasma would tend to rapidly smooth 
the discontinuity by diffusion along field lines.
For vr  ^0 plasma flows across the discontinuity which then propa­
gates through the medium. The resulting waves are large amplitude, 
sharp structures, or shock waves. From the momentum equation and 
conservation of mass, three solutions obtained are (1 ) intermediate 
shocks (Alfven shock or rotational discontinuity), (2) fast shocks, and 
(3) slow shocks.
Jump conditions for these shock waves and discontinuities are given 
in Table 3.1.2 (from Nishida, 1978, p. 17). An asterisk denotes an 
arbitrary but nonzero change and a blank marks an unspecified change.
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Table 3.1.2. Classification of Shock Waves and Discontinuities
2v n  Bn [ v ]  [ 5 ]  [B2 ] C P ]  CP + f ^ - 3  [ P 3
Tangential discontinuity 0 0 0
Contact discontinuity 0 * 0 0 0 0 0 *
Intermediate shock * * «
• 0 0 0 0
Fast shock • * * + + + +
Slow shock » * * « - + + +
[]: jump in the given variable
In general, observed characteristics across the MPL are most compatible 
with a rotational or a tangential discontinuity. At the highest avail­
able time resolution, it is still difficult to clearly describe the 
discontinuity. This difficulty is probably due to the lack of station- 
arity during the sampling period.
Observed plasma and field characteristics across the MPL are often 
consistent with a rotational discontinuity. From a set of 57 MPL 
crossings with 0G0 5, Sonnerup (1977) found that 19 cases 33%) had a 
significant normal component Bn for which Br > 3 aB* Similarly, two IMP 
6 crossings presented in section 2.3 (14 April 1972 and 4 March 1972) 
had a significant normal field component and could be consistent with a 
rotational discontinuity.
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3.1.3 Comparisons of Spectra
Liouville’s theorem requires that the phase space density f of a 
plasma remains constant along dynamical trajectories, provided the col- 
lisionless Boltzmann equation [df/dt = 0] applies.
The differential flux J is related to f by
f = mJ/V2
(Rossi and Olbert (1970), Chapter 1). In the case of PBL plasma, the
electron differential flux spectra observed on each side of the MPL are
nearly indistinguishable. We have also compared some measured velocity
distributions plotted in terms of phase space density on each side of
the MPL and found a similar close relationship. Both of these observa- 
2
tions indicate that J/V and, hence, f are often nearly equivalent on 
opposite sides of the MPL. These observations suggest that the dynami­
cal trajectories for PBL plasma particles that are located close to the 
MPL map back into the nearby magnetosheath. However, because f = 
f(x,v,t) includes seven variables, arguments concerning source 
populations based on a comparison of phase space distributions is 
difficult to extend beyond the above qualitative discussion.
If the PBL plasma source is supplied only by a remote entry point, 
the commonly observed continuity in plasma parameters across the MPL 
would be very improbable. Available magnetosheath observations (e.g., 
Siscoe et al., 1968; Kaufmann and Horng, 1971) indicate that it consists 
of intertwined filamentary plasma structures or plasma clouds with a 
scale size of 1 Rg or less. IMP 6 observations suggest that the scale
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size of inhomogeneities in the PBL ranges from 10 km to 1000 km in a 
direction transverse to the magnetopause surface. Even for a remote 
entry point for magnetosheath plasma, inhomogeneities in the PBL are 
likely to have a length of 1 Rg or less, depending on the source mecha­
nism. Thus, the continuity of plasma parameters across the MPL indi­
cates that PBL plasma located close to the MPL is supplied by transport 
of magnetosheath plasma across the MPL at positions that are not far 
removed from the points of observation.
For PBL plasma observed farther earthward from the MPL, the source 
regions can be relatively remote. How remote the plasma source region 
is in a given PBL crossing is not clear from available information. 
However, the more closely related the PBL density and spectra are to the 
nearby magnetosheath values, the closer the source region is likely to 
be. Usually, PBL spectra observed across the MPL and through the PBL 
during a given crossing are more closely related than spectra observed 
near the MPL during different crossings (e.g., compare Figures 2.3.5.6  
and 2.3.7.6). During local density minima in the PBL the spectra become 
more magnetospheric-like.
These observations suggest that magnetosheath plasma supplies the 
major portion of PBL plasma by direct transport across the MPL and that 
magnetospheric plasma becomes simply mixed in with this continuously 
replenished plasma population. Values of E (mean thermal energy per 
particle) often remain constant across the MPL, even with the beginning 
of a decrease in plasma density (e.g., see Figure 2.3.2.1). E then 
increases, mainly in the inner portion of the PBL, in a manner consis­
tent with simple mixing. Recent ISEE ion measurements (Haerendel et
121
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al., 1978b) indicate that the PBL comprises magnetosheath plasma 
(identified by the presence of energetic He++) and magnetospheric plasma 
(identified by the presence of He+ as well as 0+ for one reported case).
By considering simple mixing of magnetosheath and magnetospheric 
plasma in the PBL, it is unnecessary to hypothesize any energization 
process (which would be required if the sole source for the PBL is the 
adjacent magnetospheric plasma population). In fact, the energy density 
always decreases in passing from the magnetosheath, through the MPL and 
PBL, into the magnetosphere. The general similarity of PBL and magneto­
sheath spectra suggests that the reduced flow velocity normally observed 
in the PBL corresponds to a net dissipation of plasma energy [note that 
the total plasma energy density is given by u = n(^ kT + ^  mV2)].
During MPL-PBL crossings, a tailward "draping" of the outer magneto­
spheric field is often indicated by the crossing location and measured 
field directions. This effect is expected in the presence of cross­
field plasma flow in the PBL because some of the momentum of the 
oncoming magnetosheath plasma can be taken up by stress in a tailward 
draping of the field while some of the momentum can be transferred to 
the ionosphere by field-aligned currents (Eastman et al., 1976).
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3.1.4 Particle and Energy Flux in the PBL 
The PBL thickness Is highly variable and has a characteristic 
thickness that is generally much greater than that of the MPL (current 
layer). PBL plasma with typical values of density, velocity, and energy 
flowing through a partial annul us of thickness ^ 1/3 Rg located at the 
dawn-dusk meridian plane will be considered including a factor of 0 .3 to 
restrict the annul us to the low-latitude portion of the PBL - see Figure 
1.1. Table 3.1.4 gives ion plasma parameters for a typical PBL cross­
section at the dawn-dusk meridian plane. This cross-section is sepa­
rated into four radially symmetric zones to illustrate typical varia­
tions of parameters within the PBL.
Table 3.1.4. Ion Plasma Parameters for a Typical Dawn-Dusk Meridian 
Cross-Section of the PBL
Plasma
Parameter
Magneto­
sheath
PBL
1
PBL
2
PBL
3
PBL
4
Magneto­
sphere
n(cm-^) 18 14 10 6 2 0.5
i V|(km/s) 300 280 200 120 50 <30
E (keV) 0.5 1 2.5 4 6.5 7
n|V|(cm_2s“1) 
(x 108)
I 5.4 3.9 2. 0 0.72 0 .1 0 ^ o
nlVlit-^f” )
cm s 
(x 108)
2.7 3.9 5.0 2.9 0.7 ^ 0
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For an annulus of 16 Rg radius, the cross-sectional area of our 
truncated annulus is 4.1 x 101® cm2. Based on the values in Table 3.1.4 
and averaging the four PBL subdivisions, the total particle flux flowing 
tailward into the flanks of the magnetotail is ^ 6.9 x 102  ^s-1, and the 
total energy flux is ^ 2 x 1 0 11 W, which is more than adequate to com­
pensate the estimated quiet time loss of plasma from the plasma sheet 
(Hill, 1974) and the energy dissipation in the quiet time aurora. If we 
assume that tailward flowing PBL plasma comprises <20% mixed-in magneto­
spheric plasma and magnetosheath plasma that was transported across the 
sunward MPL at positions no more than a few Rg upstream from the points 
of observation, we can characterize the PBL source by the locally 
measured magnetosheath values given in Table 3.1.4. For this situation, 
the 6.9 x 102  ^particles/s flowing into the magnetotail had v>6 x 1011 W 
more power before entering the LLBL. By comparison, a few times 1010 W 
is considered adequate to drive the steady-state magnetospheric convec­
tion circuit (Hill and Wolf, 1978). This estimate depends on the 
sources ascribed to the PBL plasma.
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3.2.1 Early Models of the Solar Wind-Magnetosphere Interaction
This section provides a comparison of IMP 6 observations of the MPL 
and PBL with models of the solar wind-magnetosphere interaction. Some 
early models of this interaction are
(1) two-fluid (cold plasma) models (e.g., Ferraro, 1952),
(2) viscous fluid models (e.g., Axford and Hines, 1961), and
(3) large-scale, steady-state reconnection (e.g., Dungey, 1961).
A brief description of these early models along with specific predic­
tions is itemized and compared with our observations.
Two-Fluid (Cold Plasma) Models. The first basic model of the mag­
netopause layer was developed by Ferraro (1952). It (Figure 3.2.1.1a) 
considers the "boundary layer" between an unmagnetized, collisionless 
cold plasma stream and a vacuum geomagnetic field. As magnetosheath 
ions and electrons enter the MPL they are deflected in opposite 
directions by the Lorentz force, ^ v x B. The plasma particles return 
to the magnetosheath with an equal and oppositely directed velocity 
(i.e., specular reflection). A current (the "Chapman-Ferraro" current) 
is generated by transverse motion of plasma in the MPL. Because of 
their larger mass-to-charge ratio, the ions penetrate farther into the 
geomagnetic field than the electrons. The resultant polarization elec­
tric field opposes the charge separation and leads to a current layer 
that has a thickness comparable to the plasma skin depth (= 1 km). 
Whereas the ions are mainly deflected by the polarization electric 
field, the electrons are accelerated by this field as they are deflected 
by the magnetic field. Thus, the Chapman-Ferraro current is carried
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(a) FERRARO MAGNETOPAUSE MODEL 
( d ~ l k m ,  8 ~  Im)
(b) PARKER MAGNETOPAUSE MODEL 
( D ~  100km, d ~ l k m )
Figure 3 .2.1.1 Plasma characteristics in the Ferraro (a) and Parker 
(b) magnetopause models (Willis, 1971).
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primarily by the electrons and energy is transferred from ions to the 
electrons. These results were obtained for an idealized plane MPL in 
which magnetosheath plasma is incident normal to the MPL. The "Ferraro 
magnetopause" is useful in visualizing the generation of the current 
layer.
Parker (1967) considered the magnetopause structure in the limit of 
complete neutralization of the polarization field by ambient magneto­
spheric plasma. The "Parker magnetopause" model is shown in Figure 
3 .2 .1 .1b for a plane boundary and normal incidence of magnetosheath 
plasma. No energy is transferred from ions to electrons in the steady 
state and the ions carry the main part of the current due to their much 
larger cyclotron radii. The Parker magnetopause thickness is ^ 1 R^, 
which is fairly consistent with observations.
Both models neglect the magnetosheath field and the magnetospheric 
plasma. The continuity in field magnitude and plasma parameters that is 
commonly observed across the MPL is inconsistent with these models; 
neither can explain the presence of the PBL because they do not provide 
for plasma transfer across the MPL.
Viscous Fluid Models. Axford and Hines (1961) introduced a viscous 
fluid interaction model as part of a general description of magneto­
spheric convection as illustrated in Figure 3.2.1.3. This model 
involves momentum transfer, without plasma transfer, across the magneto­
spheric boundary. Freeman, et al. (1968) applied this model in explain­
ing their observations of the PBL with the Rice University suprathermal
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ion detector on the ATS 1 satellite. The existence of the PBL is con­
sistent with a viscous interaction mechanism; however, the unique simi­
larity of plasma density and spectra across the MPL can only be con­
sidered as fortuitous in this model since only momentum transfer (and 
not plasma transfer) is considered. However, magnetospheric plasma 
which replaces the magnetospheric plasma that gets mixed with magneto­
sheath plasma in the PBL could be involved in a general convection 
pattern as shown in Figure 3-2.1.3•
Figure 3.2.1.3 Magnetospheric convection pattern produced by a viscous 
interaction near the magnetopause (Axford and Hines, 1961).
V
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The reconnection model
(Dungey, 1961; Levy et al., 1964; also see the review by Vasyliunas,
1975), as pictured in Figure 3-2.1.4, predicts a correlation between the 
z-component of the magnetosheath field and geomagnetic activity, and 
also predicts rapid access of solar flare particles into the polar cap. 
After observations were made supporting these predictions the reconnec­
tion model became firmly established. Johnson (1978) noted that, between 
1968 and 1975, the reconnection model was "virtually unchallenged." As 
described by Vasyliunas (1975), there are many reconnection theories 
based on either a single-particle or a hydromagnetic approach. We will 
discuss only the most commonly stated predictions of the hydromagnetic 
approach.
Figure 3.2.1.4 Plasma flow and field configuration in the Dungey 
reconnection model (Dungey, 1961).
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Magnetic reconnection involves plasma flow across a separatrix, a 
surface that separates topologically distinct magnetic field line 
regions, accompanied by a transport of magnetic flux through a small 
diffusion region in which a magnetic neutral point is embedded. 
Associated with the reconnection process is an electric field directed 
at right angles to B and located along the separatrix surface. This 
reconnection electric field necessarily accelerates the plasma and most 
reconnection models predict a high-speed jet of plasma directed away 
from the diffusion region and traveling near the magnetospheric 
boundary.
Figure 3.2.1.5 shows predicted plasma and field parameter changes 
near the magnetopause based on the model of Yang and Sonnerup (1977).
In this example the plasma jet velocity is 500 km/s (above the nearby 
magnetosheath flow velocity) just inside the magnetopause and increases 
to 900 km/s at the inner surface of the expansion fan. The PBL in this 
model (located between the magnetopause and the inner surface of the 
slow expansion fan) has a total angular width of 2°. Relative values of 
plasma parameters for this IMP 6 crossing are plotted as dashed lines in 
Figure 3.2.1.5. Here, the intermediate wave (IW) is the MPL location 
and the beginning of the slow expansion fan (SEF) is taken as the inner 
surface of the PBL. Predicted temperature and velocity profiles are 
nearly opposite to the observed variations.
The high-speed outflow from the subsolar region predicted by most 
versions of the reconnection picture (Heikkila, 1978) has not been 
clearly observed in any of more than 225 IMP 6 crossings at a time 
resolution of = 100 seconds. At a time resolution of - 12.5 s, none of
130
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DIFFUSION 
REGION
rr,7.T
Figure 3.2.1.5 Calculated plasma and field parameters (solid lines) 
based on a reconnection model (Yang and Sonnerup, 1977) compared with 
observed parameters (dashed lines) for the 14 April 1972 IMP 6 
crossing of the MPL-PBL region. Angles subtended relative to the 
subsolar point are plotted along the abscissa. The PBL thickness has 
been plotted to fit between the intermediate wave (IW) or magneto­
pause and the earthward edge of the slow expansion fan (SEF). The 
geometry for this comparison is illustrated at the right side of this 
figure.
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HO dayside MPL-PBL crossings selected for high time resolution analysis 
exhibited an obvious accelerated flow. Velocity enhancements (generally 
<. 50% in magnitude) are observed in less than 10% of the IMP 6 
crossings. Many of these cases can be explained in terms of directional 
shifts of the ion velocity distribution upon entering the PBL.
3.2.2 Recent Models of the Solar Wind-Magnetosphere Interaction
Difficulties encountered in the early interaction models and the 
significance of the interaction for magnetospheric processes in general, 
have inspired a resurgence of interest in developing improved models. 
Most of the recent interaction models emphasize the three-dimensional, 
non-steady-state character of the MPL and PBL. Mechanisms that provide 
for space and time variations of magnetosheath plasma penetration into 
the PBL could explain many IMP 6 observations, including the observation 
that the PBL thickness is highly variable and, in general, is much 
larger than the MPL thickness. However, although the PBL plasma flow 
has significant fluctuations compared to the nearby magnetosheath plasma 
flow, the flow field is still almost always antisunward and is generally 
well ordered.
Some recent models of the solar wind-magnetosphere interaction are
(1) sporadic reconnection (Sonnerup, 1978; Schindler, 1978)
(2) convective turbulence (e.g., Haerendel, 1978)
(3) particle orbit theory (e.g., Cole, 1974)
(4) impulsive penetration (e.g., Lemaire and Roth, 1977)
(5) diffusion by plasma kinetic instabilities (e.g., Eviatar and 
Wolf, 1968; section 3.3), and
(6 ) bimodal interaction model (Crooker, 1977).
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Brief descriptions of these models with specific predictions are 
itemized and compared with our observations.
Sporadic reconnection Because the large scale laminar reconnection 
flow pattern has not been observed, Sonnerup (1978) and Schindler (1979) 
have recently proposed a "patchy" forced reconnection picture to avoid 
this difficulty. In this mechanism, magnetosheath irregularities near 
the magnetopause are considered to induce time-limited, localized 
merging regions. Because these merging regions are highly time variable 
they would not lead to a large-scale laminar reconnection pattern. 
Schindler (1979) points out that sporadic merging patches would, in gen­
eral, not allow for an ordered flow field inside the magnetopause. The 
observed PBL flow, however, is generally well ordered apart from the 
cusp regions, although it has enhanced fluctuations in plasma bulk flow 
compared to the nearby magnetosheath.
Considering the lack of notable accelerated flow, perhaps the 
dissipation involved in the reconnection process leads to enhanced 
thermal energy instead of increased kinetic energy. In this case the 
mean thermal energy per particle should increase near the MPL resulting 
in a profile similar to that shown in Figure 3.2.2.1a. However, the 
observed profile of mean energy per particle is usually similar to the 
profile shown in Figure 3.2.2.1b.
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( a ) (b)
figure 3.2.2.1 Comparison of expected (a) and observed (b) profiles of 
mean energy per particle.
In contrast to the prediction of reconnection theories that tnere 
should be net plasma energization at the expense of electromagnetic 
field energy, IMP 6 observations suggest that there is net de-energiza­
tion of PBL plasma (see sections 3.1.3 and 3.1.4). Heikkiia (1973) 
noted thac available observations of tne PBL, including the lack of net 
plasma energization, indicate that the PBL acts as a generator of 
electromagnetic energy and not as a load.
Convective Turbulence Observations from HE03 2 and IMP o often show 
irregular flow patterns in the cusp regions (figure 2.4.3). These 
observations have led Haerendel (1973) to propose tn.at eddy convection 
in the cusp regions can lead to significant anomalous diffusion of 
magnetosheath plasma. Haerendel (1973) notes that reconnection 
processes are expected to be associated witn tnis turbulence. In tnosc
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
reconnection events, free energy in the magnetic configuration is 
converted into kinetic energy or turbulent wave energy. These events 
are expected because the local magnetosheath magnetic field will always 
be antiparallel to some set of field lines in the cusp indentation (see 
Figure 1.1). In addition, Haerendel (1978) stated that "there are 
various additional sources of free energy [i.e., not involving reconnec­
tion] which can feed microscopic turbulence."
The eddy convection picture is supported by the observed irregular 
flow pattern in the cusp regions and by physically reasonable 
comparisons with observed fluid turbulence phenomena. Haerendel et al. 
(1978) and Johnson (1978) both consider the cusp regions to be the basic 
PBL source. Johnson considers a PBL populated by magnetosheath plasma 
by way of the cusp regions only. Haerendel suggested, in addition, that 
heat conduction and wave propagation with subsequent dissipation along 
the magnetic field could supply the observed energy and ion mobility of 
the LLBL. This source mechanism could often lead to plasma flow in the 
noon meridian, equatorward of the cusp regions, that has a sunward flow 
component.
We have found only four isolated cases of plasma flow in the PBL 
with a sunward flow component and three of these crossings were located 
near the cusp regions. The exceptional case occurred on 9 May 1972 (see 
Appendix B). In each case the plasma flow with a sunward component was 
of short duration and was preceded and followed by the predominant anti­
sunward flowing plasma. In all other IMP 6 crossings, PBL plasma with a 
sunward flow component has not been observed. Even though the IMP 6 
plasma analyzer only samples up to + 45° about the ecliptic plane, five
135
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Grossings near the noon meridian have been identified where the field 
direction is within the electrostatic analyzer aperture. This orienta­
tion insures that a field-aligned flow would be sampled even with 
unusually low temperature of the flowing plasma. In a sixth crossing 
(14 April 1972, located at - 23° latitude - see section 2.3.5) the field 
angle was only 10° out of the sampling cone, which still allows a 
reliable determination of the ecliptic plane component of the bulk flow 
for magnetosheath-like ion distributions (see Appendix A). These flow 
characteristics are summarized in Figure 2.4.3.
Flow directions observed in the PBL by IMP 6 suggest that plasma in 
the cusp regions is supplied in part by PBL plasma transported across 
the MPL somewhere equatorward of the cusp regions. In addition, the 
source of PBL plasma near the noon meridian, equatorward of the cusp 
regions, must be primarily magnetosheath plasma transported across the 
MPL in this same region (Eastman and Hones, 1978).
Particle Orbit Theory K. Cole (1974) investigated the effects of 
nonadiabatic particle motion near the magnetopause and found that 
particles with angles of approach to the magnetopause that are less than 
a critical angle with respect to the magnetopause surface can be 
transported across the MPL. This theory predicts a hardening of the PBL 
differential flux spectrum immediately earthward of the MPL because 
particles with higher thermal energy and larger gyroradii also have 
larger critical entry angles. Although this prediction is not clearly 
consistent with IMP 6 observations, further studies of nonadiabatic 
particle motion that include the PBL are needed.
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Impulsive Penetration J. Lemaire and coworkers have developed a 
theory of impulsive penetration of magnetosheath plasma elements 
(Lemaire and Roth, 1978; Lemaire, 1977, 1979; Lemaire et al., 1978) that 
is depicted in Figure 3.2.2.2. Large-scale inhoraogeneities in the mag­
netosheath are considered which would include plasma clouds with excess 
mass and momentum. As these plasma clouds interact with the magneto­
spheric boundary, polarization charges are established that can be neu­
tralized by depolarizing currents that link the MPL-PBL with the iono­
sphere. Kinetic energy of the penetrating plasma cloud is dissipated in 
the ionosphere by Joule heating. Local dissipation effects may also be
LARGE-SCALE INHOMOGENEITIES 
IN THE MAGNETOSHEATH
Figure 3.2.2.2 The impulsive penetration model using an equatorial 
cross-section of the magnetosphere (Lemaire and Roth, 1978).
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present that are associated with the penetration process. Although the 
details of the MPL interaction and the associated dissipation mechanisms 
are not fully developed in this theory, it represents an intriguing 
possibility based on a comparison of its predictions with observations 
(Lemaire, 1979).
The impulsive penetration model considers the PBL to be a magneto- 
hydrodynamic (MHD) generator or unipolar dynamo (Coleman, 1971).
Eastman et al. (1976) have discussed the implications of IMP 6 as well 
as low altitude satellite observations for the MHD generator model of 
the PBL. This mechanism is implied by IMP 6 observations of
(1) significant cross-field flow in the PBL (e.g., section 2.3.5),
(2 ) energetic electron and magnetic field characteristics that 
indicate the presence of closed field lines in the LLBL 
(sections 2.3 and 2.4.6),
(3) de-energization of PBL plasma (sections 3.1.3 and 3.1.4), and
(4) tailward draping of the outer magnetospheric field.
Although the impulsive penetration model emphasizes the effect of 
large-scale inhomogeneities in the magnetosheath plasma source, the MHD 
generator mechanism can operate effectively with small scale inhomogen­
eities such as those observed by IMP 6 as large density fluctuations in 
high time resolution (section 2.4.2). These density gradients can pro­
vide a source of free energy to drive plasma instabilities (section
3.3). The resultant field fluctuations can scatter plasma particles and 
lead to significant cross-field diffusion of magnetosheath plasma into 
the PBL.
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Bimodal interaction model. Crooker (1977) has introduced a geo­
metrically updated reconnection model of the dayside solar wind- 
magnetosphere interaction that does not predict net velocity enhance­
ments along the sunward magnetopause. This model incorporates the 
observed (Hedgecock and Thomas, 1976) symmetric cusp configuration of 
the outer polar cusp regions. Reconnection lines in this model are 
expected to emanate from the cusp regions instead of the subsolar 
region. Accelerated flows are not predicted along the dayside MPL 
because reconnection acts to decelerate and redirect the magnetosheath 
flow.
Crooker's model is bimodal because the HLBL would be primarily fed 
by reconnection processes near the cusp although the LLBL is considered 
to be primarily populated by nonreconnection processes. Thus, bimodal 
denotes the likely presence of more than one interaction process. The 
bimodal model is consistent with the observation that the HLBL thickness 
is correlated with IMF Bz (Sckopke et al., 1976; Paschmann, et al.,
1976) whereas the LLBL thickness has not revealed a similarly clear 
correlation (Haerendel et al., 1978; Eastman and Hones, 1978; see 
section 2.4.5 for a possible correlation). This model does not specify 
a source mechanism for the LLBL. In general, the IMP 6 satellite is not 
in a position to test this model because observations in the HLBL and 
the cusp regions are required. Observations of the HLBL and LLBL by 
Heos 2 (Rosenbauer et al., 1975; Haerendel et al., 1978) are consistent 
with the bimodal model.
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3.3 D iffu s io n  P.ue. .to. .Plasma K in e t ic  ,I n s t a b i l i t i e s
The observations discussed in Chapter 2 indicate that the PBL is 
supplied by direct transport of magnetosheath plasma across the MPL and 
that this transport is relatively widespread over the entire sunward 
magnetospheric boundary. A finite magnetic field component normal to 
the magnetopause surface (section 3 .1 .2) could account for some particle 
transport across the MPL. However, this mechanism cannot account for 
the presence of magnetosheath-like plasma on closed field lines in the 
PBL. These results suggest a diffusion mechanism and we will now 
consider whether an appropriate diffusion mechanism is available.
For spatial diffusion of plasma,
= V(DVn)
dt
where D denotes the diffusion coefficient. A diffusive process is 
consistent with an overall decrease in density when passing earthward 
through the PBL with no isolated discontinuities in density. The 
near-noon crossing at xQSM = 26° by ISEE 1 (Figure 2.3.8.1) shows a 
sharp density drop at the MPL and at the inner surface of the PBL. The 
PBL in this case cannot be explained by local diffusion alone. However, 
the IMP 6 PBL crossings, which are farther from the subsolar point (see 
Figure 2.2.2), usually show no distinct change in density at the MPL or 
the inner surface of the PBL. In addition, the observed density has an 
overall decrease when passing earthward through the PBL. Significant 
small-scale fluctuations (section 2.4.2) are superimposed on this 
overall density decrease. Variations in plasma parameters as observed
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by IMP 6 are frequently consistent with a diffusion mechanism that 
transports plasma across the MPL into the PBL.
Classical diffusion is characterized by a diffusion coefficient that 
is proportional to the electron-ion collision frequency v q . For number 
densities near the MPL, v Q - 10"^ s“ 1 (i.e. , essentially collisionless) 
and the classical diffusion coefficient is much too low to account for 
any significant diffusion. Furthermore, Gary (1979) has demonstrated 
that, for classical transport of a plasma with g s  1 , the current layer 
and plasma density gradient should have comparable thicknesses. Thus, 
classical diffusion cannot explain the presence of a PBL.
In contrast to classical transport, diffusion caused by plasma 
kinetic instabilities can contribute plasma to a PBL. Gary (1979) has 
shown that the plasma diffusion rate across B is determined by , 
whereas the rate of cross-field penetration of a parallel current 
depends on where and denote the perpendicular and parallel 
resistivity, respectively. The mean ratio of PBL to MPL thickness 
(LpBL^MPL) observed by IMP 6 is = 18 (section 2.4.4). If a diffusion 
mechanism is a major contributor of PBL plasma, the observed large ratio 
of PBL to MPL thickness requires that >> .
Density gradients perpendicular to the magnetic field can be a 
source of free energy that drive plasma microinstabilities. The 
enhanced field fluctutions that result can scatter particles and can 
lead to rates of cross-field plasma transport that considerably exceed 
classical values. Corresponding "anomalous" transport coefficients 
often satisfy >> ri|j (Gary, 1979). Field-aligned currents associated
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with the MPL could also be a source of free energy to drive microin­
stabilities.
IMP 6 observations of the MPL-PBL region indicate that
(1 ) B £ 1 .
(2) Ti »  Te,
(3 ) in general, LpBL »  LMpL,
(4) the density gradient has a sign opposite to that of the 
magnetic field magnitude gradient and the temperature gradient,
(5) the density gradients are generally perpendicular to BQ where 
Bq denotes the ambient magnetic field, and
(6 ) the electron-ion relative drift speed VD < 0 .3 1^  where 
denotes the ion thermal speed.
Plasma wave observations in the MPL-PBL region by the ISEE satellites
(Gurnett et al., 1979) show significant magnetic and electrostatic
fluctuations at frequencies much greater than u>c . This paper reports
i
broad-band electric fluctuations from a few Hz to J'100 kHz and magnetic 
field turbulence from a few Hz to J'l kHz with maximum wave intensities 
in the MPL-PBL region. A polarization of SEl Bq was also observed 
where 5E denotes fluctuations of the electric field.
From these observations, the plasma microinstability that is 
probably dominant in the MPL-PBL region can be identified by a process 
of elimination. Instabilities that operate when 3 > 1 and >> Tg 
(with a current or gradient as a source of free energy) are the lower 
hybrid drift (LHD), the Alfven drift, the ion cyclotron current, and the 
electromagnetic current instability (S. Peter Gary, private 
communications, 1979). For VD < 0.3 Vi? as observed near the MPL, the
142
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ion cyclotron current instability is not excited (Forslund et al.,
1978). At these Vp values the electromagnetic "kink-like” current
instability can grow, but it is a long-wavelength MHD-like mode that
cannot enhance cross-field diffusion by the microscopic processes
considered here (Gary et al., 1976) although it may be significant for
processes involving large-scale inhomogeneities (see section 3 *2.2).
The Alfven drift instability may be present; however, its growth rate is
small compared to that of the LHD instability for plasma conditions
observed in the MPL-PBL region.
Therefore, by elimination, the LHD instability is probably the most
important microscopic instability in the MPL-PBL region. The LHD
instability is driven by diamagnetic currents perpendicular to B
(Davidson and Gladd, 1975). It propagates in the direction of the ion
diamagnetic drift (i.e., k l  ?Q) with a characteristic wave number k 
1 / 2
given by kRg J' (Lemons and Gary, 1978). The frequency of the
LHD instability is not strictly at the lower hybrid frequency
[= oj / ( 1 + Up /u 2 )1/^2]; instead, it is proportional to the local 
i e Ge
diamagnetic drift speed and thereby proportional to the local
cross-field density gradient. Considering the density fluctuations
observed in the MPL-PBL region (section 2.4.2), a broad spectrum of
waves should be excited by the LHD instability ranging from a>c to above
i
flLH S^ * Peter Gar*y» P r i v a t e  c o m m u n i c a t i o n s ,  1979). From Table 3.1.1 w e
note that tu c = 2  s“ 1 and = 105 s”"*, which comprises the low 
i
frequency range of the ISEE observations. The growth rate is enhanced 
for increasing values of Tj/Tq and Vn as well as for opposite signs for 
Vn and VT (Gary and Sanderson, 1979). Davidson et al. (1977) have
143
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studied the effect of finite B on the LHD instability and have found 
that it is not readily stabilized for T,j/Te </* 10 (see Figure 7 of 
Davidson et al., 1977) even for B > 2.
Applying available theoretical results (Liewer and Davidson, 1977; 
Davidson et al., 1977; Caponi and Krall, 1975; Davidson et al., 1978), 
the MPL-PBL region will now be evaluated as a possible locale for the 
LHD instability. The effective collision frequency for the LHD 
instability is given by
'’LHD = J T ( 1 + 7 S^ ) aLH(v^)l
2
\ /V„\‘
( 1 )
(Liewer and Davidson, 1977, equation 1) where Vg is the electron E x B 
drift speed, 1^  (= ^kTj/rn^1^2) is the ion thermal speed and 
eg (= <6E2>/87r) is the energy density in the fluctuating electric 
fields. Liewer and Davidson (1977) assumed that the currents are char­
acterized by an electron E x B drift speed, V£; however, their treatment 
was developed for rapidly pulsed theta pinch experiments in which the 
ions could be assumed as unmagnetized and the electrons as magnetized. 
Near the magnetopause, however, the ions will normally complete their 
gyromotions and the E x B drift will not result in a net current because 
the E x B drift affects both ions and electrons equally. Thus, the 
oppositely directed diamagnetic drift of ions and electrons,
VD < = < d S E - | A l . v 2 , i! L ) 
D eB2 1 °i p
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will be the dominant source of free energy to drive the instability.
For ions, VD a 62 km/s using Lp s  250 km for the pressure gradient scale 
length near the MPL (see section 2.4.2 and Table 3.1.1). The electron 
diamagnetic drift is substantially lower. VD may now be used in equa­
tion (1) in place of Vg. Using typical values of plasma parameters for 
the MPL (also applicable to the outer extent of the PBL) we obtain VgHD 
= 52 s 1. e F has been evaluated using a value for 6E of 3 mV/m (see 
Gurnett et al., 1979). The corresponding anomalous resistivity is then
„UID = i k * .  ,  x  , 0 - 8  s
“>e
(Liewer and Davidson, 1977, equation 41). This result is slightly 
larger than the effective resistivity (or viscosity) value obtained by 
Eviatar and Wolf (1968).
The observed increase in nominal PBL thickness, LpBL» with arc 
length, S, from the subsolar point, measured along the magnetopause, is 
presented in Figure 2.4.5.2b. At the dawn-dusk meridian (XQSM = 0) the 
values are <LpBL> = ° * 5 Rg and S s 16 Re* A tyP1 0 3 1 bulk flow sPeed in 
the PBL, | |^, is 200 km/s. If magnetosheath plasma can diffuse to the 
inner extent of the PBL before reaching the dawn-dusk meridian, the 
implied diffusion time is td = S/|V| = 510 s.
145
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The diffusion time predicted for the LHD instability is found by 
using equation (2) above for in an expression derived by Gary (1979) 
for the density diffusion time.
146
t,Hn * -— “ = 167 s LHD ^  c2b
A plasma B of 10 is used for the MPL-PBL region (see Table 3.1.1). This 
approximate result suggests that the LHD instability could play a sig­
nificant role in the MPL-PBL region because tlhd < tp.
The LHD instability could be responsible for significant cross-field 
diffusion in the MPL-PBL region in the presence of a spatially limited 
current layer. This result is consistent with
(1) the observation of a PBL that is highly variable in thickness 
and comprises small-scale density fluctuations, and
(2) the observation of broad-band electrostatic emission and mag­
netic noise.
The last result is a consequence of the electromagnetic properties of 
drift wave instabilities (Davidson et al., 1977), which are particularly 
important at relatively long wavelengths (Lemons and Gary, 1977).
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3.4 Review of Theory and Observations
Because of the considerable complexities of the magnetopause region, 
determining the best theoretical description can most effectively pro­
ceed by a process of elimination. A review of the implications of 
satellite observations for various solar wind-magnetosphere interaction 
models is shown in the table below. This list should assist efforts in 
the falsification of certain theoretical descriptions and should thus 
provide some direction in the construction of improved theories.
147
EARLY MODELS (see section 3.2.1)
1. Two-fluid (cold Non-tranfer models Transfer is very
plasma) models probable
No PBL included PBL observed
2. Viscous fluid models No plasma transfer (only Plasma transfer very
momentum transfer) probable
Density discontinuity Frequent density
expected across MPL continuity near the
MPL
Discontinuity in spectra Spectra are almost 
expected across MPL always very similar
across the MPL
3. Large scale, steady- High-speed outflow 
state reconnection expected
No clear observations 
of high speed outflow 
have been made
PBL thickness should Clearly observed only
correlate with magneto- for HLBL 
sheath field orientation
Finite Bn expected
PBL expected to be on 
open field l.^ nes
Frequently observed
Not consistent with 
available data on the 
LLBL
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RECENT THEORIES (see section 3.2.2)
1. Sporadic reconnec­
tion
2. Convective 
turbulence
3. Particle orbit 
theory
4. Impulsive penetra­
tion
Disordered flow field 
expected in PBL
Local plasma heating 
expected near MPL
Sunward flow component 
often expected in PBL
Irregular flow pattern 
expected in cusp regions
Hardening of spectra 
expected immediately 
earthward of the MPL
Requires large scale 
inhomogeneities
Predicts LpBL »  L„pl
Predicts significant 
cross-field plasma flow 
in PBL
Disordered flow field 
observed only in the 
cusp regions and the 
subsolar region
Not clearly observed 
by IMP 6
Sunward flow compo­
nent in PBL rarely 
observed outside cusp 
regions.
Irregular flow 
observed in cusp 
regions and also 
in subsolar region by 
ISEE
Not clearly observed
Large-scale inhomoge­
neities probable
Observed
Often observed
5. Diffusion via the 
lower hybrid drift 
instability
Requires small-scale 
inhomogeneities
Frequently observed
Predicts wave frequen­
cies > id and & 1  £=i 0
Predicts the presence 
of a PBL
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CHAPTER 4 
CONCLUSIONS
The objective of this thesis has been the identification of the 
primary plasma source for the plasma boundary layer (PBL) of the 
magnetosphere. Using the IMP 6 low-energy plasma data set with a time 
resolution in some parameters as short as *<• 3 . 1 s, I have used both a 
case-by-case and a statistical study to provide detailed descriptions of 
PBL and MPL characteristics. This analysis has demonstrated that
(1) PBL plasma within a few ion gyroradii of the MPL is often indis­
tinguishable in density and spectra from the nearby magneto­
sheath plasma and, consequently, must be supplied by magneto­
sheath plasma by transport across the MPL at positions that are 
not far removed from the points of observation. IMP 6 measure­
ments indicate that this transport process is relatively wide­
spread over the entire sunward magnetospheric boundary.
(2) Magnetosheath plasma provides the major source of all PBL plas­
ma although some magnetospheric plasma is steadily mixed with 
the magnetosheath plasma. Thus, the PBL is a mixing region 
that separates two plasma regimes.
(3) The PBL thickness is highly variable and, in general, LpBL >> 
LMPL’ 0bserved PBL signatures indicate that it is supplied by 
a highly variable process, both temporally and spatially.
(4) The low-latitude portion of the PBL (or LLBL) is located in a 
quasi-trapping region that contains predominantly closed field 
lines. Significant cross-field flow of plasma is frequently
149
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observed, indicating that the PBL can act as an MHD generator 
for field aligned currents linking it to the cusp ionosphere.
(5) The observed decrease in energy density, combined with the
similarity in energy spectra, in passing from the magnetosheath 
through the LLBL suggests that plasma energy is dissipated in 
the PBL.
Observation (3) is incompatible with a classical diffusion process 
that would diffuse the current and density sheaths at approximately the 
same rate so that the PBL could not be distinguished from the MPL. A 
brief analysis of the lower hybrid drift instability indicates that it 
can be a significant contributor to the PBL. Furthermore, such a 
density gradient driven instability can lead to significant cross-field 
diffusion independent of the local magnetosheath field orientation. 
Considering the variability of the impinging magnetosheath plasma flow, 
cross-field diffusion by way of the lower hybrid drift instability could 
explain many observed PBL characteristics.
Observations (4) and (5) are inconsistent with the presence of 
reconnection processes, not excluding reconnection processes in the cusp 
regions that can subsequently supply the HLBL (or plasma mantle). The 
bimodal model of Crooker (1977) and the convective turbulence model of 
Haerendel (1978) are promising theoretical descriptions that are not 
necessarily inconsistent with available IMP 6 observations (which are 
primarily limited to the LLBL). In fact, occasional reconnection 
processes are supported by accelerated flow observed by IMP 6 in two 
cusp crossings (Fairfield and Hones, 1978).
150
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A comparison of theoretical descriptions of the solar wind- 
magnetosphere interaction illustrates the problems posed for all theo­
retical models. The most significant problems are the high spatial and 
temporal variations observed near the magnetopause. Realistic models of 
the magnetopause interaction must account for the presence of the PBL 
and account for transport of magnetosheath plasma across the MPL.
151
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APPENDIX A
IMP 6 INSTRUMENTATION AND ANALYSIS TECHNIQUES 
A1. Electrostatic Analyzer
The Los Alamos Scientific Laboratory (LASL) electrostatic analyzer 
on board IMP 6 is the hemispherical-plate type [discussed in detail by 
Theodoridis and Paolini (1969) and Vasyluinas (1971)]* The analyzer 
accepts particles through an entrance aperture with an azimuthal 
acceptance angle A# (=2.41°) and a range of polar angles from -em to em. 
Thus, the long dimension of the analyzer fan is parallel to the spin 
axis. For a given electrostatic potential between the two concentric 
hemispherical plates, particles that reach the detector have a limited 
energy range AEj centered on 16 discrete energy values Ej. Sweeps 
through the various energies are accomplished by bringing the plate 
potential up to an initial high level and then exponentially decreasing 
the potential (hence, the accepted range of particle energies).
Analyzer parameters are summarized in Table A1.
The IMP 6 satellite is spin-stabilized with the spin vector directed 
toward the south ecliptic pole. Ions and electrons are sampled alter­
nately four times per spin period, so that in eight rotations (^ 100 s), 
32 equally spaced azimuthal angles are sampled for each charge sign. 
Thus, energy spectra are obtained for both ions and electrons every ^
3.1 s (1/4 of a spin period). Table A2 lists the 16 logarithmically 
spaced energy values sampled, which range from 140 eV to 28.8 keV for 
ions and from 13.3 eV to 18.1 keV for electrons.
152
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Table A1. Electrostatic Analyzer Parameters
Parameter 
Eacaneter Description
azimuthal acceptance 
angle (degrees)
half-width of polar 
acceptance angle (degrees)
Y relative width of energy
window, aE/E
o ratio of Ej to Ej ^
t integration time at each
sample polnt(s)
a area of aperture (cm2)
Parameter Values 
Protons Electrons
2.41
45.0
0.0217
1.426
0.02
0.0476
2.41
45.0
0.0217
1.613
0.03
0.0476
Table A2. Energy Levels Sampled by the LASL Electrostatic Analyzer 
Energy Energy (eV)
Channel Protons Electrons
1 28800.0 181 00. 0
2 20300.0 10900.0
3 14150.0 6450.0
4 10000.0 3880.0
5 7000.0 2330.0
6 4900.0 1435.0
7 3440.0 880.0
8 2400.0 545.0
9 1 680.0 340.0
10 1 180 .0 2 1 2 . 0
11 830.0 130 .0
12 584.0 82.3
13 407.0 51.5
14 287.0 32.7
15 200.0 20.7
16 140.0 13-3
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Energy-angle count arrays sampled by IMP 6 represent an approximate two­
dimensional cross section of velocity space, although the ±.45° analyzer 
fan samples about 7951 of the full sphere in velocity space with the 
polar regions deleted. Complete 32-angle, 16-energy level velocity 
distributions are obtained approximately every 100 s although a rough 
(4-angle) velocity distribution is obtained from the ion measurements 
for every spin period 1 2 . 5 s).
A2. Analysis Techniques
The counting rate C(r,v) of the detector for a given measurement 
location and velocity can be derived in terms of known parameters and 
the distribution function f(r,v) or phase space density (#/cm^s~^). 
f(r^ ,v) can then be solved in terms of these known parameters and the 
measured counting rate. A detailed description of this analysis 
technique as it is applied to data from LASL electrostatic analyzers on 
the IMP satellites is given by Stiles (1976).
If we denote the magnitude of v by v and drop the position vector, 
r, the differential flux j is given by 
j(v) = v f(v)dv, and [j] = #/cm2-s1, 
where the units of j(v) are represented by [j].
In spherical coordinates j(v) can be written as
-+ 2
j(v) = v f(v,4>,e) v dv cose d^de .
i 2
If we use energy in place of velocity, using E = ^  mv , this becomes 
2
j(E,<l>,e) = 2 f*(E,<|» ,0)E dE cose de d<)>,
m
and the differential flux per unit solid angle (dfi = cos.6 d9 d<J>) is
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m
The differential counting rate dcik represents the number of plasma 
particles entering the analyzer during time t through an aperture of 
area a. These particles have energy Ej and enter the analyzer from the 
location
The total number of particles sampled at energy and location $k is 
then found by integrating over the angular ranges of acceptance. If 
f(E,41,e) is assumed to be approximately constant over each energy window 
and is independent of <> and 0, then the integration results in
4taA(|> sine AE E
Three main sources of error affect this result.
(1) The detectors respond to the higher energy cosmic ray back­
ground. The average number of cosmic ray counts per sample is 
independent of energy or angle and is simply subtracted from 
the measured counts.
(2) Photoelectrons produced by sunlight impinging on the surface of 
the satellite can add significantly to low-energy (< 100 eV) 
electron counts. Photoelectron corrections are routinely made 
in IMP 6 plasma analysis.
(3) The particle counter efficiencies depend on energy and were
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measured experimentally before launch. All measured counts are 
corrected by these efficiency factors.
The distribution function is then given approximately by
°2 C<t
f(F, 1 -  -  — I *
v i " 4TaA<t>sinem Ej aEj
where Clk includes any appropriate corrections. Various plasma param­
eters are now calculated by taking velocity moments of this distribution 
function in terms of measured quantities. One of these moments is the 
pressure tensor from which "temperature" is derived. This temperature 
does not imply a condition of thermal equilibrium or a Maxwellian velo­
city distribution.
A3. Evaluation of Errors and Accuracy
Errors resulting from counting statistics are calculated by assuming
that the samples are taken from a normal distribution and that the
standard deviation of the mean for each measurement of counts is 
1/2
given by Clk . Counts for different values of i and k are assuned to 
be independent.
Errors caused by counting statistics for several plasma parameters 
are shown in Figure A1 as a function of density. For typical magneto­
sheath and PBL density values, the relative errors are generally less 
than .05 to 0.1.
A simulation of the count array Cik is used to evaluate the accuracy 
of the analysis procedure. A program was developed by G. S. Stiles for 
IMP 8, and subsequently modified by me for IMP 6, to perform this simu-
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DENSITY, N (cm '3 )
Figure A1 Errors due to counting statistics as a function of density. 
N,density; E, mean thermal energy; u, energy density; V, velocity 
magnitude; AN, anisotropy magnitude; <j> , velocity angle; <J>AN, 
anisotropy angle (angles are read on the right scale).
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latlon. The program evaluates errors produced by the assumption that f 
is independent of polar angle and that f(Ej, 4>ik) accurately represents 
the average of f over the logarithmic energy Interval centered on Ej and 
the azimuthal interval of angle between samples.
Variations in several plasma parameters as a function of total 
energy are plotted in Figure A2. Perfectly accurate analysis would 
result in a value of 1.0 for a given parameter at a given energy.
Values above or below 1.0 represent anomalously high or low measured 
values, respectively.
Variations for several plasma parameters as a function of polar 
angle of the "true" velocity vector are plotted in Figure A3. The 
ecliptic plane component for all parameters is measured very accurately; 
however, the velocity and anisotropy are significantly underestimated 
for polar angles of flow above ^ 30°.
The analysis procedure is generally accurate to at least 10% over 
(1) an average energy range of ^ 400 eV to * 6 keV, (2) a range of
velocities from 0 to ^ 500 km/s and (3) over a range of energy distri­
butions such that the average energy along any given axis does not
exceed twice that along any other axis.
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Figure A2 Variations of plasma parameters with total energy. The velocity distribution 
is assumed isotropic in the rest frame of the moving plasma which has a speed of 100 km/s.
159
Reproduced 
with 
perm
ission 
of the 
copyright owner. 
Further reproduction 
prohibited 
without perm
ission.
Figure A3 Variations of plasma parameters with the polar angle of the flow velocity. 160
APPENDIX B 
SUPPLEMENTARY IMP 6 PBL EXAMPLES 
This appendix provides data on 20 additional IMP 6 MPL-PBL crossings 
with brief commentary for each crossing. The text (especially section 
2.3) should be consulted for detailed descriptions of the data as 
applied to other crossing examples. Table 2.3 in the text lists the 
crossings that are presented.
7 July 1971 IMP 6 Crossing
This dawn-side PBL crossing shows no clear MPL signature. Selection 
of the outer position of the PBL is somewhat arbitrary. The location at 
1318 UT marks the beginning of the decrease in plasma density to the 
magnetospheric level as well as the cessation of significant energetic 
electron intensity. However, the energetic electrons are not a reliable 
indicator of boundary positions. Enhanced ion anisotropy in the PBL and 
nearby magnetosheath is accompanied by a clear magnetosheath plasma 
depletion signature consistent with the presence of a mirror instability 
(Crooker et al., 1978). The inner PBL surface is no more clearly dis­
tinguished than in most other IMP 6 crossings. Only the cessation of 
magnetosheath-like bulk plasma flow and magnetic field fluctuations pro­
vides a check of its location. The bulk plasma flow may have some 
cross-field component based on the z-component of the field; however, 
the z-component of the plasma flow cannot be determined by the electro­
static analyzer (see Appendix A). Similar to many other PBL examples, 
the magnetic field direction in this crossing indicates a substantial 
tailward draping near the magnetospheric boundary.
161
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This dusk-side crossing near the dawn-dusk meridian shows a region 
of antisunward flowing plasma sampled more than one hour before the PBL. 
Isolated regions of sustained antisunward flow are often observed along 
the flanks of the magnetosphere far away from the subsolar point (e.g., 
see also the 5 January 1972 IMP 6 crossing in this appendix). The 
isolated region near 0315 UT may be caused by an earlier entry and exit 
of the PBL; however, the relative plasma characteristics and field 
direction are not fully consistent with this interpretation.
The intermediate mean thermal energy values observed in the PBL 
indicate that more magnetospheric plasma is mixed with the PBL at this
location than is usually observed closer to the subsolar region. This
commonly observed feature suggests that the entry mechanism for magneto­
sheath plasma into the PBL is less efficacious with increasing tailward 
distance.
Observed bulk plasma flow has a significant cross-field component 
throughout the PBL, although plasma flow in the detached region near
0315 UT has larger directional fluctuations and does not have a
significant cross-field component.
22 November 1971 IMP 6 Crossing
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B U L K  FLO W  A N D  M A G N E T IC  F IE L D  V E C T O R S  2 2  N O V  71
T
V 300 km/s ANTISUNWARD
168
This high-latitude dusk-side IMP 6 crossing does not have a clear 
MPL, although a possible location is marked near 2000 UT. The radial 
distance is only 9 Rg and corresponding large field magnitudes are 
observed. Field direction and location indicate a position immediately 
duskward of the outer cusp region with significant tailward draping of 
field lines in the PBL. Enhanced field fluctuations occur in the PBL 
that sometimes exceed the field magnitude.
An unusual sunward component flow vector appears in the PBL at 1915 
UT. The PBL bulk flow field has enhanced directional fluctuations with 
high anisotropies observed in the PBL and nearby magnetosheath. These 
characteristics are common in the outer cusp region.
169
16 December 1971 IMP 6 Crossing
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Thiis dusk-side crossing is located near the equator tailward of the 
dawn-dusk meridian. It includes two complete MPL-PBL crossings; a rare 
circunstance for crossings of the sunward magnetospheric boundary but 
more common with increasing tailward distance. This difference results 
from larger fluctuations of the tailward magnetopause position relative 
to the sunward magnetopause position. The MPL and PBL are clearly 
present in all three marked crossing positions. Enhanced anisotropy 
values partly identify the PBL locations. Plasma flow in the PBL is 
generally within <^ 40° of the field direction.
28 December 71 IMP 6 Crossing
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This dusk-side crossing near the equator shows a "detached" plasma 
region that persists for more than two hours. At times the field is 
directed almost perpendicular to the ecliptic plane, while magneto­
sheath-like antisunward flow is observed. Similar to the 22 November 
1971 crossing, anisotropy values are highest in the detached plasma 
region. This region could be truly detached or could reflect a 
substantial change in PBL thickness.
Significant cross-field bulk plasma flow, as observed in this 
crossing, is generally observed in the subsolar region or at low 
latitudes, especially near the geomagnetic equator. Such cross-field 
flow is generally associated with tailward draping of the outer 
magnetospheric field.
177
5 January 1972 IMP 6 Crossing
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B U L K  F L O W  A N D  M A G N E T IC  F IE L D  V E C T O R S  5  J A N  7 2 307 I 30 km/s
1620
I
A N TI SUNWARD  
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This high-latitude crossing Is located on the dusk side of the outer 
cusp region based on the field direction (4>B = 200°, = -30°). No
clear MPL is evident and the flow field is highly variable and includes 
sunward component flow consistent with HEOS 2 observations in the cusp 
region (see Haerendel, 1978). This crossing is also discussed by 
Fairfield and Hones (1978).
10 January 1972 IMP 6 Crossing
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This low-Iatitude dusk-side crossing shows a field rotation in <t>B at 
0052 UT earthward of a clear change in Xg at ‘''0044 UT. In either case, 
the PBL is clear with significant cross field flow and tailward field 
draping. Bulk plasma flow in the PBL has a larger angle with respect to 
the XQSM-axis than the nearby magnetosheath flow. This shift in bulk 
plasma flow is a common feature of the PBL as shown by most of the 
examples presented in this thesis. Based on observations from a single 
satellite it is difficult to determine whether this directional shift 
corresponds to a net component of flow normal to the magnetopause. It 
can be caused partly by a shift in flow direction in the plane tangent 
to the magnetopause which is then effectively projected onto the 
ecliptic plane by the +45° sampling aperture of the electrostatic 
analyzer (see Appendix A).
4 February 1972 IMP 6 Crossing
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This low-latitude dusk-side crossing Is highly variable in both 
plasma and field characteristics although the MPL and PBL locations are 
clear. Significant cross-field flow as well as tailward field draping 
is present. Highly variable PBL signatures are frequently observed and 
reflect the presence of substantial space and/or time variations in the 
MPL-PBL region. One high-denslty high-field-magnitude region is located 
at j»2236 UT. It has a magnetospheric direction for Xg and otherwise has 
magnetosheath-like characteristics.
28 February 1972 IMP 6 Crossing
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BULK FLOW AND MAGNETIC FIELD VECTORS 28 FEB 72
307 300 km/s
i  I  ANTISUNWARD
This low-latitude dusk-side crossing has no clear MPL. Significant 
cross-field bulk plasma flow is present along with tailward field 
draping. Ion anisotropy is large in the nearby magnetosheath and is 
associated with substantial density depletion (Crooker et al., 1978). 
Identification of the PBL is this case depends on a comparison of all 
plasma and field parameters as shown. IMP 6 crossings on 7 July 1971 
and 16 June 1973 (section 2.3.^) also show no clear MPL.
192
8 March 1972 IMP 6 Crossing
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This low-latitude dusk-side crossing shows a clear shift in ig at 
>''2151 UT with an added rotation occurring later at * 2205 UT, similar to 
the 4 February 1972 crossing. Plasma parameters are at magnetosheath 
levels through the MPL and up to near the <J>B transition. The field 
magnitude has a gradient scale length comparable to the PBL thickness. 
This is a common feature and supports the PBL identification given for 
this case.
Plasma flow in the nearby magnetosphere is often difficult to 
measure because of low densities and poor counting statistics. For this 
crossing, however, there appears to be a significant net sunward compo­
nent of bulk flow, which is consistent with the convective flow pattern 
envisioned by Axford and Hines (1961) (section 3.2.1).
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24 March 1972 IMP 6 Crossing
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This high-latitude crossing is located on the dawn side of the outer 
cusp region. Similar to the 16 December 1971 and 10 January 1972 
crossings, the flow field is highly variable in the cusp region PBL 
(called "entry layer" by Haerendel et al., 1978). The MPL is not well 
defined since 4>B returns to its magnetospheric values after 1400 UT. 
Enhanced field fluctuations appear near the MPL and large ion anisotropy 
values occur in the PBL. Some of the plasma flow in the inner part of 
the PBL is consistent with flow into the cusp, whereas plasma flow 
during the anisotropy peak could be directed roughly antisunward and 
tangent to the magnetopause. Significant cross-field bulk plasma flow 
is present throughout this crossing except for the isolated sunward 
component flow seen at ^1328 UT.
Energetic electron (47- to 350- keV) pitch-angle distributions for 
this crossing show an isotropic distribution in the nearby magnetosheath 
and a pancake-shaped distribution in the PBL. Combined with the 
magnetospheric orientation of PBL field lines, these observations 
indicate that the PBL is located on closed field lines.
29 March 1972 IMP 6 Crossing
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ENERGETIC ELECTRON (47- to 350-keV) 
PITCH-ANGLE DISTRIBUTIONS, 29 MARCH 1972
PITCH ANGLE (deg)
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This low-latitude dusk-side crossing has distinct changes in at 
J'0821 UT with a <t»B rotation located farther earthward (c.f., 4 February 
1972 and 24 March 1972). Most of the PBL is distinctly magnetosheath­
like with substantial cross-field flow components and tailward field 
draping, an isolated region of antisunward flow appears at 0909 UT.
The flow direction suggests that this is not caused by a simple re-entry 
of the PBL.
1 May 1972 IMP 6 Crossing
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This low-latitude dawn-side crossing has an indistinct field change 
near 2344 UT. Cross-field flow components are substantial although 
tailward field draping is not clear. In the inner part of the PBL, the 
density fluctuates near 5 cm ^ concurrent with enhanced variations in 
flow direction.
5 May 1972 IMP 6 Crossing
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This low-latitude crossing is located on the dawn side of the outer 
cusp region. As with other crossings of the outer cusp region, the flow 
field is highly variable. Flow vectors in the PBL that have a sunward 
flow component are directed into the cusp. High ion anisotropies and 
density depletion are present in the nearby magnetosheath. Two isolated 
plasma regions with high density and field magnitude values are located 
in the nearby magnetosphere, their relationship to the PBL is not clear 
because of the limitations of single satellite measurements.
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9 May 1972 IMP 6 Crossing
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This dusk-side high-latitude crossing does not show a single dis­
tinct MPL, although the first possible position is marked on the 
figures. Significant cross-field plasma flow is present in the PBL with 
some noticeable tailward field draping. In comparison with crossings of 
the outer cusp region, the plasma flow field in this crossing is 
steadier and has a purely antisunward component. Field fluctuations are 
enhanced near the MPL similar to many other MPL-PBL crossings.
22 January 1973 IMP Crossing
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This long dusk-side crossing of the MPL and PBL shows a field dis­
continuity at ^1331 UT which we tentatively identify as the MPL. The 
plasma density shows no distinctive change near the MPL and does not 
begin to drop toward the magnetospheric level until ^10 minutes later, 
when the other plasma parameters also begin their primary changes.
Plasma and field values do not mark a clear inner PBL location. This 
lack of a sharp inner boundary is relatively common in the IMP 6 data.
An indistinct inner boundary is consistent with intermixing of magneto­
spheric and magnetosheath-like plasma.
Plots of the plasma bulk flow velocity and magnetic field show that 
a significant cross-field flow component of up to is present in the
PBL. The energetic electron (47- to 350- keV) intensity is similar in 
the PBL and the nearby magnetosphere and the pitch-angle distributions 
are also similar. In the dusk side outer magnetosphere the energetic 
electron pitch angle distributions are not expected to retain a
pancake-shaped distribution due to the intersection of drift paths with
the magnetopause (West, 1973). The marked similarity of magnetospheric 
and PBL pitch angle distributions suggest that the PBL is on closed 
field lines. In contrast, the nearby magnetosheath shows an ant.isunward
streaming of the energetic electrons.
221
11 February 1973 IMP 6 Crossing
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19 February 1973 IMP 6 Crossing
This low-latitude dusk-side crossing shows significant cross-field 
bulk plasma flow in the PBL. A high-density plasma region near 2215 UT 
includes one flow vector with a sunward component. The relationship of 
this region to the PBL cannot be evaluated adequately based on these 
single satellite measurements. A tailward streaming distribution of 
energetic electron is observed in the nearby magnetosheatn. Pitch-angle 
distributions for the PBL and nearby magnetosphere are both essentially 
isotropic as expected at low latitudes near the dusk-side magnetospheric 
boundary.
ENERGETIC ELECTRON (47- to 350-keV) 
PITCH-ANCLE DISTRIBUTIONS, 19 FEBRUARY 1973
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This low-latitude dusk-side crossing has variable bulk plasma flow 
with significant cross-field components at times. The region of reduced 
density near 12U5 UT may be a reentry of the PBL. Near the MPL, the 
shift in flow direction is larger than usual. Except for the flow 
shift, the MPL is only marked by a change in direction of the magnetic 
field.
8 March 1973 IMP 6 Crossing
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This low-latitude dusk-side crossing has a very unusual sunward 
component flow vector located near the MPL. Another crossing of the MPL 
occurs before 0400 UT. The PB1 flow field is variable but not unusually 
so for this location. A detached plasma region convected sunward from 
the magnetotail may account for this sunward flow component (c.f. the 19 
Feb 1973 crossing). The bulk plasma flow field is generally field- 
aligned in the PBL, at least more so than is often observed.
234
25 March 1973 IMP 6 Crossing
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This low-latitude dawn-side crossing has a very sharp MPL with sig­
nificant cross-field flow components in the PBL. Energetic electron 
pitch-angle distributions in the PBL and nearby magnetosphere are 
pancake-shaped although the nearby magnetosheath distribution is nearly 
isotropic. A notable sunward flow component appears in the nearby mag­
netosphere. The density decrease within the PBL is unusually high and 
measured flow vectors near this point are affected by this rapid transi­
tion.
11 April 1973 IMP 6 Crossing
ENERGETIC ELECTRON (47- to 350-keV) 
PITCH-ANGLE DISTRIBUTIONS, 11 APRIL 1973
PITCH ANGLE (deg)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
log
 
SP
EE
D 
log
 
ME
AN
 
TH
ER
M
AL
 
EN
ER
GY
 
log
 
D
EN
SI
TY
 
AN
IS
OT
RO
PY
 
(k
m/
s) 
(e
V)
 
(c
m
"3
)
239
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
240
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced 
with 
perm
ission 
of the 
copyright owner. 
Further reproduction 
prohibited 
without perm
ission.
241
242
This low-latitude dusk-side crossing does not have any clear MPL 
location. Substantial cross-field flow components are present in the 
PBL. Plasma density and magnetic field magnitude show significant local 
enhancements within the PBL.
14 April 1973 IMP 6 Crossing
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This dusk-side crossing is located near the equator at the dawn-dusk 
meridian. The bulk plasma flow is generally field-aligned in the PBL.
A high-density isolated plasma region located at 0934 UT may represent 
only a reentry of the PBL although a comparison of mean thermal energy 
and velocity values suggests that it may be a distinct plasma region. 
Most other plasma and field signatures for this crossing are very clear.
16 December 1973 IMP 6 Crossing
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APPENDIX C 
MINIMUM VARIANCE ANALYSIS
The minimum variance method was developed to provide a natural coor­
dinate system for viewing field variations across a field discontinuity 
or current layer (Sonnerup and Cahill, Jr., 1967; Sonnerup and Ledley, 
1974; Sonnerup, 1976). An orthogonal coordinate system is formed by the 
principal axes of the variance ellipsoid of the magnetic field data set 
sampled across the discontinuity. These principal axes are obtained by 
evaluating the eigenvector associated with the minimum eigenvalue of the 
matrix
Mj.j = <Bi V  - <Bi > < Y  ’
where <> denotes an average of data points sampled across the discontin­
uity. This eigenvector represents a local estimate of the direction 
normal to the magnetopause.
If we denote the largest, intermediate, and smallest eigenvalues of 
M „  with the subscripts 1, 2, and 3, respectively, then the unit eigen­
vectors (n.j, n2, n^) can form an orthogonal right-hand coordinate sys­
tem. In general, n^ (the normal component) is positive away from the 
earth, whereas and n^ are directed roughly north and west, respec­
tively, as shown in Figure C1.
The minimum variance technique assumes that
(1) the magnetopause structure is one dimensional,
(2) the magnetopause structure is stationary during the sampling 
period, and
250
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NORMAL 
TO MAGNETOPAUSE
Figure C1 The coordinate system obtained by the minimum variance 
technique.
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(3) the current within the layer is not unidirectional (Sonnerup, 
1975).
Magnetic field hodograms show magnetic field variations across the 
discontinuity displayed in the minimum variance coordinate system.
Field components (B^ Bg, B^) are taken along the eigenvector directions 
(n1, n2, n^). A (B1, B2) plot displays variations of the field compo­
nents tangent to the magnetopause and a (B1, B3) plot displays varia­
tions in a plane normal to the magnetopause.
The utility of magnetic field hodograms must be considered on a 
case-by-case basis. Waves traveling along the magnetopause have been 
inferred on the basis of variations between normal directions obtained 
for successive MPL crossings during multiple MPL crossings (e.g., 
Kaufmann and Cahill, 1977). The effects of MHD wave transmission and 
production near the magnetopause is superimposed on the general char­
acteristics of the MPL-PBL region described in this thesis (see Wolf and 
Kauftaann, 1975).
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